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The  effect  of  specimen  geometry  upon  the  oxidation 
behavior  of  unalloyed  nickel  was  investigated  at  tempera- 
tures of  900  and  1000°C  for  times  up  to  64  hours.  Specimens 
were  fabricated  in  the  form  of  flat  sheet  and  solid  right 
cylinders.  A regular  variation  in  the  geometric  para- 
meters was  produced  by  systematically  varying  the  sheet 
thickness  and  the  cylinder  diameter.  Other  specimen 

geometries  were  employed  in  supplementary  oxidation  experi- 
ments. 

The  short-time  scaling  bbhavior  was  investigated 
both  by  volumetric  and  metallographic  means,  while 
metallographic  examination  alone  was  employed  to  measure 
the  extent  of  oxidation  at  longer  times.  Dimensional 
changes  resulting  from  oxidation  were  monitored  as  a 
function  of  both  the  specimen  geometry  and  oxidation 
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time.  In  addition,  the  high-temperature  deformation 
behavior  of  both  nickel  and  nickel-oxide  was  explored. 

It  was  found  that  the  scaling  process  is  depen- 
dent upon  both  specimen  geometry  and  oxidation  time. 

Both  volumetric  and  metallographic  studies  indicated 
that  the  scaling  process  proceeded  in  the  expected  para- 
bolic manner  relatively  early  in  the  oxidation  process. 

At  this  stage  of  oxidation,  the  scale  thickening  was 
found  to  be  nearly  insensitive  to  changes  in  macroscopic 
specimen  dimensions.  As  the  duration  of  oxidation  was 
increased,  the  dependence  of  the  scale  thickening  upon 
specimen  geometry  became  apparent.  Microstructural 
studies  indicated  that  the  onset  of  the  geometric  depen- 
dence of  the  scaling  behavior  could  be  correlated  to  the 
appearance  of  oxide  crystals  near  the  metal-oxide  interfac 

Measurements  of  the  oxidation-induced  deformation 
of  specimens  indicated  that  axial  lengthening,  in  the 
case  of  cylinders,  and  longitudinal  growth,  in  the  case 
of  flat  specimens,  occurred. 

A mechanism  is  proposed  for  the  scaling  of  nickel 
which  takes  into  account  most  of  the  observed  geometry 
and  time  dependence  of  scale  thickness,  scale  microstruc- 
ture, and  deformation  behavior.  An  attempt  to  extend  this 
model  to  the  oxidation  of  other  metals  has  indicated  that 
it  may  have  rather  general  applicability  to  the  field  of 
high-temperature  oxidation  of  metals. 


XXV 


CHAPTER  I 


INTRODUCTION 

Most  pure  metals  when  exposed  to  an  oxygen-bearing 
gas  react  with  it  and  in  due  course  form  one  or  more 
layers  of  reaction  product  on  the  metal  surface.  The 
presence  of  metal  oxides  so  formed  acts  as  a barrier  be- 
tween the  reactants  and  in  many  instances  controls  their 
rate  of  combination.  It  has  become  common  practice  to 
Characterize  oxidation  processes  by  rate  laws  which 
describe  the  time  dependence  of  the  processes  at  a fixed 
temperature.  Low  oxidizing  temperatures  usually  favor 
slow  reaction  rates  and  formation  of  thin  films  whereas 
high  temperatures  favor  fast  reaction  rates  and  formation 
of  thicker  films,  generally  known  as  scales.  It  is  this 
latter  class  of  oxidation  conditions  with  which  the  pre- 
sent research  is  concerned. 

1 . 1 General  Features  of  the  Oxidation  Process 

The  initial  stages  of  oxidation  involve  a sequence 
of  events  whose  appearance  in  time  is  dependent  upon  the 
specific  oxidation  conditions  and  material  under  investi- 
gation. These  events  usually  include:  adsorption  of 
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oxygen,  formation  of  oxide  nuclei,  lateral  growth  of 
nuclei,  and  production  of  a complete  oxide  film  (1,  2,  3, 
1).  Subsequent  to  the  formation  of  a cbherent  layer  fur- 
ther growth  must  take  place  by  transport  of  material 
through  the  layer.  While  it  is  agreed  that  transport 
processes  involve  ionic  and  electronic  motion  (5,  6,  7,  8), 
precise  mechanisms  apparently  depend  upon  the  particular 
metal  involved,  the  oxidizing  temperature,  and  the  degree 
of  oxidation  attained.  Metal  oxides  do  not  generally  form 
as  stoichiometric  compounds,  but  rather  are  deficient  in 
either  metal  or  oxygen  with  one  ionic  species  usually 
much  more  mobile  than  the  other.  Thus,  they  may  be  grouped 
into  one  of  two  major  classifications,  according  to  whether 
the  majority  of  transport  takes  place  via  oxygen  or  metal 
ions  respectively. 

The  simpliest  case  of  oxidation  involves  the 
formation  of  a single  oxide  on  the  surface  of  a pure 
metal.  The  rate  controlling  transport  processes  in  such 
cases  may  often  be  described  in  terms  of  the  flux  of  a 
single  ionic  species  through  the  bulk  of  the  barrier 
layer  (5).  If  this  flux  is  inversely  proportional  to  the 
thickness  of  the  layer,  the  parabolic  scaling  law  obtains 
and  the  oxidation  behavior  is  termed  "protective . " In 
cases  wherein  the  rate  of  scale  formation  is  independent 
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of  the  amount  of  pre-deposited  oxide,  and  therefore  oxi- 
dation time,  the  behavior  is  termed  "non-protective"  and 
is  described  by  a linear  rate  law. 

Rather  early  in  the  history  of  quantitative 
oxidation  studies,  a parameter  known  as  the  Pilling- 
Bedworth  ratio  was  introduced  in  an  attempt  to  predict 
whether  or  not  the  scaling  of  specific  metals  would  be 
protective  (9).  At  that  time,  experimental  evidence  in- 
dicated that  if  the  volume  of  the  oxide  were  greater  than 
the  volume  of  the  metal  from  which  it  formed,  then  the 
oxide  would  be  protective;  otherwise  it  would  be  non- 
protective.  later  investigations  have  shown  that  this 
principle  has  little  merit  except  in  certain  highly 
restricted  cases  (10,  1_1,  12).  However,  the  use  of  this 
parameter  as  an  index  of  relative  protection  has  become 
almost  universally  accepted  primarily  by  virtue  of  cir- 
cumstances . 

I-2  Geometric  Considerations  in  the  Oxidation  Process 

While  thermodynamic  considerations  may  be  em- 
ployed to  predict  whether  or  not  an  oxide  will  form  under 
specific  environmental  conditions  and  kinetic  considerations 
may  in  some  cases  be  used  to  determine  the  quantity  of 
oxide  which  will  form  in  a given  time,  there  is  no  reliable 
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method  for  predicting  precisely  where  in  the  region  of 
the  scale  the  oxidation  reaction  will  occur.  It  is 
generally  conceded  that  in  the  case  of  oxygen  deficient 
oxides  the  oxygen  ion  diffuses  through  the  scale  and 
unites  with  the  metal  in  the  region  of  the  metal-oxide 
interface,  while  for  metal  deficient  oxides  the  metal  ion 
diffuses  outwards  through  the  scale  to  combine  with  oxygen 
near  the  gas-metal  interface  (5,  8).  The  site  of  oxide 
formation  under  conditions  of  bi-directional  diffusion 
is,  as  yet,  open  to  question. 

In  the  case  of  oxides  which  grow  by  oxygen  trans- 
port and  have  Pil ling-Bedworth  ratios  greater  than  unity, 
oxide  formation  may  occur  at  the  metal-oxide  interface 
under  conditions  of  mechanical  constraint.  For  this  class 
of  oxidation,  the  oxide,  which  is  formed  between  the 
metal  substrate  and  the  pre-existing  scale,  produces  a 
stress  at  the  interface  which  may  be  relieved  by  plastic 
deformation  or  fracture  of  either  the  oxide  or  the  metal. 
Conversely,  oxides  which  grow  by  metal  ion  transport,  at 
least  when  formed  on  plane  surfaces,  may  be  free  from 
constraint  provided  that  the  oxide  forms  only  at  the  gas- 
oxide  interface  ( 11 ) . Constraint-free  oxidation  also 
requires  a uniform  motion  of  the  oxide  as  it  follows  the 
retreating  metal-oxide  interface. 

The  formation  of  this  latter  class  of  oxides  on 
surfaces  of  non-zero  curvature  may  form  under  conditions 
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of  mechanical  constraint  even  in  the  case  when  the  volume 
ratio  is  balanced  by  the  normal  growth  rate.  This  concept 
is  most  readily  apparent  if  one  considers  the  oxidation 
of  a spherical  specimen.  Subsequent  to  preliminary  film 
formation,  the  outward  diffusion  of  the  metallic  ion 
tends  to  decrease  the  volume  of  metal  contained  within 
the  spherical  shell  of  oxide  on  its  surface.  If  this 
process  continues  for  an  appreciable  time  and  the  oxide 
attempts  to  follow  the  retreating  interface,  then  each 
segment  of  oxide  will  be  laterally  constrained  by  its 
neighbor  as  it  moves  radially  inward. 

In  any  situation  wherein  the  oxidation  reaction 
proceeds  in  the  presence  of  constraints,  one  would 
expect  stresses  to  arise  which  would  subsequently  be 
evidenced  in  the  form  of  deformations. 

1,3  Occurrence  of  Stress  Arising  from  the  Oxidation  Process 

Both  direct  and  indirect  evidence  exists  indicating 
that  stresses  do  arise  as  a result  of  oxidation.  The  direct 
evidence  is  based  upon  observations  of  some  type  of  deform- 
ation which  occurs  either  in  the  oxide  or  the  substrate 
metal,  whereas  indirect  evidence  usually  involves  observa- 
tions of  anomalies  in  the  oxidation  rate. 

The  presence  of  stresses  in  very  thin  films  of 
oxide  has  been  demonstrated  by  several  investigators  who 
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determined  that  these  films  are  strained  with  respect  to 
that  of  the  bulk  material  (8,  13,  15,  16).  It  has  been 
suggested  that  this  phenomenon,  associated  with  relatively 
low  oxidation  temperatures,  is  transient  in  the  sense  that 
upon  continued  oxidation  the  lattice  parameter  of  the 
product  tends  to  revert  to  that  of  the  bulk  oxide  (14,  16). 
The  behavior  exhibited  in  these  cases  appears  to  depend 
on  the  production  of  specific  crystalographic  (epitaxial) 
relations  between  the  oxide  and  the  underlying  metal. 

It  is  believed  that  epitaxial  strain  does  not  persist, 
except  in  very  special  instances,  during  the  course  of 
elevated-temperature  oxidation. 

Oxides  of  the  refractory  metals  columbium,  tantalum, 
zirconium,  and  hafnium  form  by  inward  diffusions  of  oxygen 
and  exhibit  volumes  greater  than  that  of  metal  consumed 
in  the  reaction  (17).  Phase  changes  in  the  scale  layers 
and  solution  of  relatively  large  amounts  of  oxygen  by 
these  metals,  both  of  which  occur  during  the  oxidation 
process,  make  the  analysis  of  this  oxidation  behavior 
difficult;  however,  in  some  instances  the  evidence  for 
existence  of  stresses  in  oxidized  specimens  is  rather 
strong.  Cracks  and  blisters  have  been  observed  in  the 
scales  formed  on  columbium,  tantalum  and  zirconium 
and,  in  the  case  of  columbium,  blister  formation  has  been 
correlated  with  anomalies  in  rate  data  determined  volume- 
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trically  (18.  19.  20,  21,  22).  In  addition,  flat  speci- 
mens of  both  columbium  and  tantalum  which  were  provided 
with  a protective  coating  on  one  side  were  found  to  bow 
as  a result  of  oxidation;  their  unprotected  faces  becoming 
convex  (21,  23).  Macroscopic  deformation  exhibited  by 
the  product  0f  completely  oxidized  hafnium  also  indicates 
that  large  stresses  are  generated  during  oxidation  (24). 

Metals  which  oxidize  by  outward  diffusion  cf  the 
metallic  ion  through  the  scale  usually  exhibit  less  com- 
plex scaling  behaviors  and  lower  oxygen  solubilities 
than  do  the  refractory  metals.  For  this  reason,  the 
detection  and  analysis  of  phenomena  associated  with 
stresses  in  scales  is  somewhat  simplified.  Qualitative 
experiments,  in  which  wedge-shaped  films  of  nickel  oxide 
produced  by  oxidation  in  a thermal  gradient  were  care- 
fully freed  from  the  substrate  metal,  indicated  that 
both  a lateral  compressive  stress  and  a stress  gradient 
existed  in  the  oxide  (25).  The  stress  in  this  case  was 
evidenced  by  wrinkling  of  the  thicker  portions  and 
curling  of  the  thinner  portions  of  the  scale.  In  a 
series  of  experiments  concerning  the  oxidation  behavior 
of  copper  at  elevated  temperatures  it  was  found  that  the 
degree  of  oxide  plasticity  was  an  important  factor  in 
the  overall  oxidation  behavior  (26).  Here  it  was  demon- 
strated that  the  character  of  the  oxide  scale  formed  on 
thin-walled  cylindrical  specimens  differed  on  the  inner 
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and  outer  surfaces  and  it  was  concluded  that  the  diffusion 
mechanism  was  dependent  upon  the  state  of  compressive 
stress  in  the  oxide.  Similarly,  different  "final  forms" 
cf  the  oxidation  product  have  been  attributed  to  differ- 
ences in  oxide  plasticity  in  the  case  of  iron  (27). 

It  appears  that  only  two  research  groups  have 
attempted  quantitative  measurement  of  the  stresses 
produced  in  oxide  films.  The  first  experiments  involved 
vacuum  deposition  of  various  metals  on  thin  mica  sub- 
strates (28).  Subsequent  oxidation  at  room  temperature 
produced  curvature  of  the  composite  consisting  of  sub- 
strate and  metal  oxide.  When  iron  and  nickel,  whose 
oxides  have  Pilling-Bedworth  ratios  greater  than  unity, 
were  oxidized  the  oxide  was  found  to  be  on  the  convex 
side  of  the  composite,  while  the  oxidation  of  magnesium, 
which  has  a Pilling-Bedworth  ratio  less  than  unity,  pro- 
duced the  opposite  curvature.  By  taking  into  account 
the  geometry  and  mechanical  properties  of  the  components 
involved,  the  investigators  were  able  to  calculate  the 
stresses  in  the  oxide  from  the  degree  of  bending  of  the 
oxide-substrate  composite.  Both  the  calculated  stresses, 
which  were  of  the  order  of  100,000  psi,  and  the  calculated 
strains  were  very  much  smaller  than  one  would  expect  to 
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find  on  the  basis  cf  constrained  volume  changes  resulting 
from  "in  situ"  conversion  of  metal  to  oxide. 

The  second  investigative  technique  involved  moni- 
toring the  deformation  of  copper  helices  during  oxidation 
at  200°  to  500°C  (29,  30).  It  was  found  that  if  one  side 
of  the  helices  was  provided  with  a protective  coating, 
then  the  helix  would  experience  torsion  which  was,  at 
least  initially,  indicative  of  compressive  stresses  in 
the  oxide.  The  system  comprised  of  metal  helix  and  its 
oxide  coating  were  shown  to  be  in  elastic  equilibrium 
so  that  the  stresses  were  calculable  from  observations 
of  torsion  angle.  Maximum  lateral  compressive  stresses 
of  approximately  200.000  psi  were  assigned  to  the  oxide 
layer. 

In  these  experiments,  no  deformation  was  noted 
in  the  case  of  helices  which  were  exposed  to  oxygen  on 
both  their  inner  and  outer  surfaces.  In  contrast,  other 
investigators  have  found  that  iron  helices  oxidized  at 
700°C  tend  to  "wind-up"  as  a result  of  oxidation  (31 ) . 
Comparison  of  these  results  indicates  that  differences 
in  the  mechanical  properties  of  the  oxides  formed  in 

l 

these  systems  may  be  a major  factor  in  their  contrasting 
behavior. 
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1 . 4 Purpose  and  Scope  of  this  Research 

In  spite  of  the  fact  that  the  oxidation  of  metals 
has  been  subjected  to  quantitative  examination  for  nearly 
a half  century,  it  is  not  yet  possible  to  write  an  "equation 
of  state"  which  is  capable  of  describing  the  data  of  various 
researchers.  This  inability  to  analytically  describe  the 
oxidation  process  applies  not  only  to  the  relatively  com- 
plex oxidation  of  alloys,  but  also  to  the  relatively  simple 
case  of  the  oxidation  of  pure  metals.  For  example,  a 
summary  of  studies  of  the  scaling  behavior  of  nickel  indicates 
that  there  is  a large  variation  in  oxidation  rate  data,  with 
the  process  exhibiting  activation  energies  ranging  from  less 
than  29  to  greater  than  54  kilocalories  per  mole  (32).  Al- 
though such  variations  may  be  due  to  inconsistancies  in 
environmental  conditions  and  purity  of  metal  employed,  it  is 
believed  that  they  may  also  be  due  in  part  to  the  fact  that 
different  investigators  used  specimens  of  different  shape, 
thereby  inducing  dissimilar  stress  states  in  the  scales 
produced . 

It  has  been  indicated  that  stresses  may  arise 
during  the  oxidation  of  a pure  metal  if  the  scale  layer 
is  formed  by  metal  ion  transport  and  is,  at  the  same  time, 
constrained  by  the  contour  of  its  substrate.  For  this  case, 
it  follows  that  the  stress  state  produced  by  oxidation 
should  be  sensitive  to  the  degree  of  constraint  afforded 
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by  the  underlying  metal  which,  in  turn,  is  dictated  by  the 
particular  specimen  geometry  employed.  If  stresses  do 
arise  as  a result  of  the  oxidation  process,  then  it  is 
conceivable  that  their  presence  might  alter  the  scaling 
behavior  with  respect  to  that  predicted  by  classical  con- 
sideration of  diffusion  controlled  oxidation.  To  date, 
neither  the  role  of  specimen  geometry  nor  that  of  stress 
in  the  oxidation  process  has  been  systematically  investi- 
gated . 

The  purpose  of  this  research  was  therefore  to 
determine  the  role  of  specimen  geometry  on  the  oxidation 
process  and,  from  inspection  of  oxidized  specimens,  to 
attempt  to  deduce  the  nature  and  effect  of  the  stresses 
which  arise.  It  was  felt  that  such  a study  would  aid  in 
the  understanding  of  the  overall  oxidation  process  for  that 
technically  important  class  of  metals  which  form  oxide  by 
metal  ion  transport. 

High  purity  nickel  was  chosen  as  the  metal  to  be 
used  in  this  investigation  because  it  is  believed  that  this 
material  represents  the  simplest  one  among  those  possible 
for  study  in  that  the  effects  of  stress  may  be  examined  with 
a minimum  amount  of  ambiguity.  This  is  possible  because  of 
the  following  characteristics  of  the  metal  and  the  oxide: 

1)  Neither  the  metal  nor  the  oxide  undergo  change  in 
crystal  structure  upon  cycling  from  room  temperature  to  the 
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oxidizing  temperature,  thus  simplifying  microscopic  inter- 
pertations  (33,  34). 

2)  Both  the  metal  and  the  oxide  have  approximately 
the  same  linear  coefficient  of  thermal  expansion  thus  minim- 
izing "bimetallic"  effects  (35) . 

3)  The  oxide  is  believed  to  form  by  diffusion  of 
the  metal  ion  through  the  scale,  thus  the  possibility  of 

generating  stresses  at  the  metal-oxide  interface  is  mini- 
mized (17) . 

4)  The  solubility  of  oxygen  in  nickel  is  very  low, 
thus  effects  arising  as  a result  of  oxygen  solution  in  the 
metal  should  be  relatively  small  (36). 

The  type  and  degree  of  constraint  effective  during 
the  oxidation  process  was  studied  by  oxidizing  flat  and  cyl- 
indrical specimens  of  various  size  and  shape.  Cylindrical 
specimens  ranged  in  diameter  from  approximately  0.060  to 
0.480  inch  while  the  thickness  of  flat  specimens  was  varied 
from  approximately  0.006  to  0.375  inch.  Most  of  these  were 
oxidized  at  900°  to  1000°C  for  various  pre-selected  times 
up  to  64  hours  and  subsequently  scale  thicknesses  were 
determined  and  oxide  microstructures  were  examined.  The 
deformation  resulting  from  oxidation  was  measured  for 
several  specimens  and  elevated-temperature  mechanical 
properties  of  both  nickel  and  nickel-oxide  were  determined 
in  order  to  aid  in  correlating  the  state  of  stress  with  the 
observed  deformations. 


CHAPTER  II 


EXPERIMENTAL  PROCEDURE 


2 . 1 Materials  and  General  Features  of  the  Specimens 


nickel  have  been  employed  in  this  investigation.  Mond- 
process  carbonyl  nickel  shot,  in  the  form  of  slightly 
flattened  spheroids,  was  used  in  preliminary  volumetric 
studies  of  oxidation  rate.  It  nominally  contains  99.7 
to  99.9  weight  per  cent  nickel  with  carbon  and  oxygen 
being  the  major  impurities (32 ) . All  other  metallic  speci- 
mens were  fabricated  from  a single  lot  of  Nickel-270  bar 
stock.  This  material,  supplied  through  the  courtesy  of 
the  International  Nickel  Company  in  the  form  of  one-half 
inch  rounds,  is  characterized  by  the  chemical  analysis 
given  in  Table  1. 


Two  commercially  available  grades  of  high-purity 


TABLE  1 


NOMINAL  CHEMICAL  ANALYSIS  OF  NICKEL-270  (37) 


Element 


Weight  per  cent 


Ni 

C 

Fe 


99.95 

0.005 

0.005 


Others  (including  cobalt) 


0.003  each 
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Oxidation  specimens  were  fabricated  in  several 
different  forms  including  solid  and  hollow  right  cylinders, 
flat  and  bent  sheet,  and  helices.  The  diameter  of  solid 
cylinders  and  the  thickness  of  sheet  material  were  em- 
ployed as  testing  parameters  and  were  varied  roughly  one 
order  of  magnitude.  A photograph  illustrating  the  general 
features  of  some  of  these  specimens  is  shown  in  Figure  1. 

Metallic  specimens  were  also  fabricated  in  forms 
suitable  for  mechanical  testing.  These  were  used  to 
determine  high -temperature  creep  and  oxidation  creep  be- 
havior of  Nickel-270.  These  were  necessarily  of  non- 
standard form  in  order  to  take  advantage  of  pre-existing 
special  purpose  testing  equipment. 

In  addition  to  metallic  specimens,  a test  bar  of 
nickel  oxide  was  fabricated  by  hot  pressing  nickelous 
oxide  powder.  The  manufacturer’s  analysis  of  the  oxide 
powder  used  is  given  in  Table  2. 

TABLE  2 


CHEMICAL  ANALYSIS  OF  NICKELOUS  OXIDE  POWDER  (38) 


Element  or  Compound 

NiO 

Co 

Zn 

Cu 

Fe 

Others 


Weight  Per  Cent 

99.5 

0.10 

0.01 

0.005 

0.002 

Balance 
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Figure  1:  General  features  of  the  oxidation  specimens 

used  in  this  investigation.  Magnification 
approximately  1 1/4  x. 
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The  overall 
elevated  terrperature 
in  the  photograph  of 


features  of  specimens 
mechanical  properties 
Figure  2. 


used  to  determine 
are  illustrated 


2 . 2 Fabrication  of  Specimens 

All  metallic  specimens,  with  the  exception  of  flat 
sheet,  were  machined  from  bar  stock  such  that  their  final 
cylindrical  surfaces  were  approximately  coaxial  with  the 
original  bar.  Hollow  cylinders  were  fabricated  by  counter- 
drilling  and  reaming  solid  cylinders.  An  8-inch  metalworking 
lathe  was  used  for  all  operations.  In  the  machining  of  ex- 
ternal surfaces,  the  depth  of  cut  was  consistently  reduced 
from  a maximum  of  0.015  inch  throughout  the  cutting  process. 

As  the  final  diameters  were  approached,  lubricant-free  cuts 
of  a depth  less  than  0.001  inch  were  made.  This  procedure 
was  adopted  in  order  to  minimize  distortion  and  contamination 
of  the  finished  surface.  Specimens  thus  fabricated  were 
mechanically  polished  successively  with  240,  320,  400,  and 
6CC_grit  silicon  carbide  papers.  The  total  amount  of  metal 
removed  from  the  surface  was  approximately  0.001  inch. 

Finished  specimen  diameters  ranged  from  0.060  to  0.480  inches. 

Cylindrical  specimens  used  in  length-change  studies 
were  provided  with  a pair  of  circumferential  grooves  approxi- 
mately 0.010  deep  spaced  about  one-half  inch  apart.  This 
operation,  executed  prior  to  mechanical  polishing,  was 
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Figure  2:  General  features  of  the  specimens  used  to 

determine  elevated-temperature  mechanical 
properties.  Magnification  approximately 
1 1/ 4x. 
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accomplished  by  the  use  of  a special  grooving  tool  ground 
to  an  angle  of  25  degrees.  The  tool  was  fed  with  the 
bisector  of  its  angle  normal  to  the  specimen  axis  providing 
the  set  of  well-defined  reference  marks  used  in  subsequent 
length  measurements. 

Flat  specimens  were  fabricated  from  bar  stock  by 
first  milling  a pair  of  flat  surfaces  parallel  to  the  rod 
axis  and  the  cold-rolling  to  pre-selected  gages.  Final 
specimen  thicknesses  produced  ranged  from  approximately 
0.005  to  0.375  inches.  Mechanical  polishing  was  performed 
as  outlined  above  for  cylindrical  specimens.  Those  flat 
sections  which  were  to  be  examined  for  dimensional  changes 
were  provided  with  two  drilled  reference  holes  one- sixteenth 
inch  in  diameter  spaced  about  one-half  inch  apart.  The 
effects  of  cold  work  in  these  specimens  due  to  the  rolling 
and  drilling  operations  were  reduced  by  vacuum  annealing 
at  100C°C  for  5 minutes  prior  to  final  mechanical  polishing. 

Helical  and  right-angle  bend  specimens  were  fabri- 
cated from  thin  cold-rolled,  annealed  nickel  strip  which 
was  provided  with  a 600-grit  metallographic  finish.  Roth 
types  of  specimen  were  fabricated  simply  by  bending  the 
sheet  around  cylindrical  mandrils.  Typical  helices  were 
approximately  2 inches  in  length  and  contained  five  or  six 
tightly  spaced  turns.  Each  plane  leg  of  the  bend  specimens 
was  approximately  one-half  inch  square.  Both  types  of 
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specimen  were  provided  with  small  punched  holes  which 
accepted  support  wires  used  in  subsequent  annealing  and 
oxidizing  operations. 

Metallic  creep  specimens  were  produced  in  two  forms: 
one  for  tensile  oxidation  creep  studies  at  900°C,  the  other 
for  compressive  creep  studies  at  1000°C.  The  forms  had  an 
overall  length  of  approximately  3 inches  with  a centrally 
located  gage  section  approximately  1 9/16  inches  long  and 
C.0185  inch  in  diameter.  The  latter  had  an  overall  length 
of  approximately  1 inch  with  a centrally  located  gage  section 
approximately  one-half  inch  long  and  0.250  inch  in  diameter. 
The  ends  of  this  specimen  were  carefully  squared  to  reduce 
the  possibility  of  buckling. 

A combination  of  hot  pressing  and  sintering  opera- 
tions were  utilized  to  produce  the  single  nickel  oxide  creep 
specimen  investigated.  The  apparatus,  especially  constructed 
to  produce  and  test  this  specimen,  is  shown  in  Figure  3.  The 
following  schedule  was  used  to  produce  this  specimen: 

1)  Press  at  12C0°C  and  800  psi  for  1 hour 

2)  Press  at  1300°C  and  40  psi  for  8 hours 

3)  Sinter  with  temperature  slowly  rising  from  1200°C 
to  1490°C  for  5 1/2  hours . 

'he  resulting  specimen  was  in  the  form  of  a right  cylinder 
approximately  3/8  inch  in  diameter  and  one-half  inch  long. 
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Figure  3:  Apparatus  employed  for  oxide  sintering  and 

elevated-temperature  compressive  creep 
experiments . 
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The  central  region  of  the  specimen  was  reduced  to  a 0.3  inch 


diameter  over  a length  of  0.2  inch  which  served  as  the  gage 
length  for  subsequent  mechanical  testing. 

2. 3 Surface  Preparation  of  Oxidation  Specimens 


spheroids,  used  in  preliminary  volumetric  studies,  was 
prepared  for  oxidation  by  immersion  of  the  as-received 
material  in  a 50  per  cent  solution  of  nitric  acid  at  room 
temperature.  After  2 minutes  of  etching,  the  specimens 
were  removed,  washed  thoroughly  with  distilled  water  and 
stored  in  clean  glass  vessels.  Measurements  of  specimen 
dimensions  were  made  at  this  point  in  the  processing.  Just 
prior  to  oxidation  the  specimens  were  immersed  in  acetone 
to  remove  traces  of  grease  due  to  chance  improper  handling. 
Tweezers,  cleaned  in  acetone,  were  employed  to  place  the 
specimen  in  the  cold  zone  of  the  oxidation  apparatus. 


cated  from  Nickel-270  were  cleaned  in  acetone  after  mechani- 
cal polishing  and  then  electropolished . In  this  operation 
the  specimen  was  the  anode  and  a helix  of  cold-rolled  and 
annealed  Nickel-270  served  as  the  cathode.  The  electro- 
polishing  solution  was  composed  of : 


The  surface  of  the  Mond  process  carbonyl  nickel 


The  oxidation  and  oxidation  creep  specimens  fabri- 


817  cc 
1 34  cc 
40  cc 
156  gms 


uru3  i 


distilled) 

taken  into  solution) 
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A satisfactory  polish  was  obtained  after  10  minutes 
of  polishing  at  a current  density  of  0.4  amperes  per  square 
centimeter  with  the  solution  temperature  adjusted  between 
35°  and  45°  C.  This  operation  removed  between  0.0005  and 
0.001  inch  of  material  and  produced  the  standard  highly 
reflective  specimen  surface  provided  most  of  the  oxidation 
specimens  investigated. 

It  was  found  that  agitation  of  the  solution  was 
necessary  to  prevent  striations  from  appearing  on  flat 
specimens.  No  such  tendency  for  the  formation  of  striations 
was  noted  in  the  case  of  cylindrical  specimens. 

Following  the  electropolishing  operation,  specimens 
were  handled  in  a manner  identical  to  that  of  the  spheroidal 
specimens  described  above  with  the  exclusion  of  the  etching 
process . 

2.4  Measurement  of  Prepared  Specimens 

Two  different  techniques  were  employed  to  deter- 
mine the  dimensions  of  specimens  both  prior  to  and  follow- 
ing oxidation.  Those  specimens  which  were  provided  with 
special  reference  markings  were  monitored  for  length 
change  using  a Jones  and  Lamson  optical  comparator  having 
a magnification  of  31  1/4  diameters.  A small  spring-loaded 
vise,  with  a machined  base,  was  used  to  position  the  speci- 
men on  the  comparator.  Fiducial  marks  on  the  vise  and 
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the  specimen  helped  to  insure  that  the  same  cross  section 
of  the  specimen  was  being  monitored.  The  photograph  of 
Figure  4 shows  the  comparator  with  the  vise  and  a cylindri- 
cal specimen  in  position  for  measurement. 

In  the  case  of  cylindrical  specimens  the  projected 
length  of  each  side,  between  reference  grooves,  was  measured, 
The  diameter  was  determined  twice  at  a distance  midway  be- 
tween reference  marks.  It  was  assumed  that  the  groove 
wall  would  oxidize  uniformly  so  that  apparent  changes  in 
specimen  length  could  be  attributed  to  actual  plastic  de- 
formation of  the  specimen.  Observations  made  on  sections 
through  such  grooves  indicate  that  this  assumption  is  at 
least  approximately  valid. 

In  the  measurement  of  length  changes  of  flat  speci- 
mens due  to  oxidation,  the  specimen  vise  was  modified  to 
position  the  plane  of  the  specimen  nearly  perpendicular 
to  the  optical  axis  of  the  comparator.  The  separation  for 
drilled  holes  was  determined  from  measurements  of  the  posi- 
tion of  their  edges  and  subsequent  calculation  of  the 
position  of  their  centers.  Changes  in  separation  are  again 
attributed  to  plastic  deformation  of  the  specimen,  the 
major  assumption  involved  being  that  the  edges  of  the  refer- 
ence holes  oxidize  similarly. 

Multiple  independent  determinations  indicated  that 
the  probable  error  associated  with  these  measurements  of 
the  dimensions  of  cylindrical  specimens  was  about  + 0.00005 
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Figure  4:  Optical  comparator  employed  in  determination 

of  length  changes  due  to  oxidation. 
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inch,  while  that  for  flat  specimens  was  approximately 
+ 0.00007  inch. 

All  specimens  other  than  those  provided  with 
reference  markings  were  measured  using  machinists  micro- 
meters. Significant  dimensions  were  measured  three  times 
at  various  points  on  the  specimens.  Deviations  from  the 
mean  values  seldom  exceeded  0.0002  inch . Internal  diameters 
of  hollow  cylinders  and  helices  were  measured  to  within 
t.  0.001  inch  using  a set  of  cylindrical  machinists  gages. 

Relatively  coarse  determinations  of  angular  changes 
developed  in  right-angle  specimens  were  made  using 
a small  protractor.  The  error  associated  with  these 
measurements  was  approximately  + 2 1/2  degrees. 

2 . 5 Oxidation  of  Prepared  Specimens 

Throughout  the  course  of  this  research  several 
different  techniques  have  been  employed  to  acquire  inform- 
ation concerning  the  oxidation  process.  In  addition  to 
the  variations  in  geometric  form  and  size  of  specimens, 
their  high  temperature  environment  has  been  systematically 
altered.  Effects  of  the  following  environmental  variables 
upon  the  scaling  behavior  have  been  explored:  atmosphere 

surrounding  the  specimen,  time-temperature  profile,  and 
application  of  mechanical  stress.  The  following  sections 
describe  the  oxidation  processes  and  equipment  utilized. 
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In  each  case,  verification  of  the  oxidation  temperature  was 
made  prior  to  and  subsequent  to  the  experiment  by  using  a 
Model  2745  Leeds  and  Northrup  potentiometer  in  conjunction 
with  a chromel-alumel  thermocouple. 

2.51  Volumetric  Studies 

An  investigation  of  the  oxidation  kinetics  of 
spheroidal  specimens  was  carried  out  at  constant  pressure 
using  the  volumetric  apparatus  shown  in  Figure  5.  Specimens 
were  oxidized  individually  in  order  to  determine  the  effect 
of  size  alone  on  their  oxidation  behavior  at  1000°C.  The 
technique  employed  afforded  a record  of  oxygen  consumption 
as  a function  of  time  for  each  of  the  specimens  studied. 

Prior  to  oxidation,  the  specimens  were  secured  at 
the  cool  upper  end  of  the  quartz  reaction  tube  by  means 
of  an  externally  fixed  magnet.  A thin  pad  of  non-reactive 
aluminum  silicate  wool  was  placed  within  the  reaction 
chamber  at  its  closed  end.  This  was  done  to  prevent  the 
falling  specimen  from  breaking  the  reaction  tube.  The 
apparatus  was  designed  so  that  the  closed  end  of  the  re- 
action tube  was  in  the  center  of  the  heated  zone  of  the 
furnace  at  the  same  time  that  the  standard  taper  fitting 

at  its  upper  end  was  properly  mated  with  the  remainder  of 
the  system. 


Figure  5 
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Apparatus  employed  in  volumetric  determination 
of  oxidation  behavior  at  100C°C. 
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The  system  was  prepared  for  the  oxidation  experi- 
ment by  alternately  evacuating  it  with  a small  mechanical 
pump  and  backfilling  it  with  oxygen.  The  final  system 
pressure  was  adjusted  to  approximately  one-quarter  atmos- 
phere with  the  main  gate  valve  and  the  upper  stopcock  of 
the  gas  reservoir  in  the  "closed”  position.  This  minimized 
the  volume  of  the  system  thereby  increasing  its  sensitivity. 
System  pressure  was  determined  by  readings  of  the  mercury 
manometer  which  was  connected  between  the  system  and  room 
atmosphere. 

After  allowing  approximately  30  minutes  for  the 
system  to  reach  equilibrium,  the  stopcock  in  the  reference 
leg  of  the  differential  manometer  was  closed  and  the  specimen 
was  dropped  into  the  reaction  zone  by  withdrawing  the  magnet. 
As  the  oxidation  reaction  progressed,  the  differential  mano- 
meter became  unbalanced  due  to  consumption  of  the  gas.  By 
carefully  changing  the  mercury  level  in  the  calibrated 
gas  burette,  balance  of  the  differential  manometer  could  be 
maintained.  The  oxidation  process  was  monitored  by  noting 
the  displacement  of  this  mercury  column  necessary  to  keep 
the  differential  manometer  balanced. 

2.52  Preliminary  Scale  Thickeninq  Experiments 

Preliminary  experiments  were  conducted  to  secure 


information  about  the  structure  of  the  oxide  and  rate  of  its 
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formation.  Cylindrical  and  flat  specimens  of  Nickel-270 
were  oxidized  for  preselected  times  at  900°C  and  1000°C  in 
stagnant  air  using  small  resistance  furnaces.  The  thickness 
of  scale  formed  and  its  structure  were  determined  metallo- 
graphically . 

The  vertical  furnace  shown  in  Figure  5 was  utilized 
for  batch-type  oxidation  studies  wherein  a series  of  specimens 
of  given  geometric  form  but  differing  in  size,  were  oxidized 
simultaneously.  This  technique  was  selected  in  order  to 
minimize  the  possibility  of  introducing  extraneous  specimen- 
to-specimen  variation. 

A disk-shaped  ceramic  boat,  supported  from  nichrome 
hanger  wires,  was  loaded  with  six  to  eight  specimens  and 
lowered  into  the  heated  control  zone  of  the  furnace.  The 
control  thermocouple  was  then  positioned  at  the  center  of 
the  boat  and  a thin  ceramic  cover  was  placed  over  the  open 
upper  end  of  the  furnace  core  in  order  to  reduce  convective 
heat  loss. 

The  oxidation  schedule  employed  in  the  use  of  this 

furnace  is  given  in  Table  3. 

Other  preliminary  studies  were  carried  out  by  oxi- 
dizing a series  of  cylindrical  specimens  of  various  dia- 
meter in  stagnant  air  for  64  hours  at  1000°  + 1/6°C.  A 
horizontal  furnace,  utilizing  a 1 1/8  inch  bore  combustion 
tube  as  its  core,  was  employed  in  this  series  of  experiments. 
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Due  to  the  small  core  diameter  specimens  were  oxidized 
individually. 

TABLE  3 

OXIDATION  SCHEDULE  EMPLOYED  WITH  THE  VERTICAL  FURNACE 

Specimen 

Oxidation 

Oxidation 

Shape 

Temperature 

Time 

Cylinder 

900°C  + 3°C 

16  hours 

Cylinder 

900°C  + 3°C 

64  hours 

Cylinder 

1000°C  + 3 1/2°C 

16  hours 

Sheet 

900°C  + 3°C 

64  hours 

Sheet 

1000°C  + 3 1/2 °C 

16  hours 

2.53  Controlled  Environment  Experiments 

Preliminary 

experiments  indicated 

that  factors 

other  than  specimen 

geometry  or  oxidizing 

time  and  temp' 

erature  may  affect 

the  scaling  behavior. 

In  order  to 

insure  that  the  oxidation  of  specimens  might  proceed 
unperturbed  by  secondary  effects,  apparatus  was  constructed 
which  provided  very  close  control  of  specimen  surroundings, 
oxidizing  atmosphere,  and  temperature  level.  The  main 
portion  of  the  equipment  consisted  of  a gas-tight  reaction 
tube  made  of  Nickel-200  whose  composition  is  given  in 
Table  4 . 
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TABLE  4 

NOMINAL  CHEMICAL  COMPOSITION  OF  NICKEL-200  (33) 


Element 

Weiqht  Per  Cent 

Ni+Co 

99.4 

Mn 

0.2 

Fe 

0.15 

Cu , C 

0.1 

s 

0.005 

The  main  portion  of  the  tube  was  fabricated  from 
a 36  inch  length  of  thick-walled  pipe.  Two  areas  of  the 
wall,  one  on  either  side  of  the  intended  hot  zone,  were 
machined  away  to  reduce  the  axial  heat  flow.  The  tube  was 
fitted  with  a water-cooled  brass  plug  at  one  end  and  an 
external  copper  cooling  coil  and  brass  flange  at  the  other. 
A mating  flange  was  prepared  with  provisions  for  a sighting 
hole,  an  alumina  push  rod,  and  gas  inlet  and  exhaust.  A 
second  gas  exhaust  was  placed  near  the  plugged  end  of  the 
tube  and  was  used  during  purging  operations.  The  schematic 
drawing  of  Figure  6 and  the  photograph  of  Figure  7 show  the 
relative  placement  of  the  reaction  tube,  the  furnace,  and 
associated  equipment.  This  system  was  capable  of  maintain- 
ing a temperature  of  1000°C  with  a short  term  temperature 
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Figure  6:  Schematic  diagram  of  the  apparatus  employed  in  performing  controlled- 

environmental  oxidation  experiments  at  1000°C. 
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variation  of  + l/10°C.  Long  term  temperature  variations, 
i.e.,  over  a period  of  16  hours,  were  seldom  found  to  ex- 
ceed one  degree  centigrade. 

The  oxidizing  atmosphere  was  diminished  in  water 
vapor  content  by  passing  commercial  tank  oxygen  through  a 
copper  coil  which  was  immersed  in  a mixture  of  dry  ice  and 
acetone.  Thus,  to  a first  approximation,  a specimen  within 
the  reaction  tube  was  surrounded  by  an  environment  which 
contained  only  oxygen  gas  and  nickel  oxide. 

Prepared  specimens  were  placed  in  the  flanged  end 
of  the  reaction  tube  which  was  the  sealed  by  means  of  a 
gasket  and  the  mating  flange.  Cold-trapped  oxygen  was 
passed  through  the  system  for  45  to  60  minutes  prior  to 
the  beginning  of  oxidation.  After  this  purging  operation, 
the  capped  push  rod  port  was  opened  and  a close  fitting 
alumina  rod  was  inserted.  The  specimen  was  then  moved  into 
the  heated  zone  of  the  furnace  and  the  push  rod  was  with- 
drawn. The  port  was  then  quickly  recapped  and  the  oxygen 
flow  adjusted  to  give  a nearly  static  pressure  slightly 
in  excess  of  one  atmosphere.  Upon  completion  of  oxidation, 
the  specimen  was  slowly  cooled  in  oxygen  by  pushing  it 
from  the  heated  zone. 

Most  of  the  specimens  oxidized  in  this  apparatus 
were  utilized  for  studies  of  scale  thickness  and  structure 
as  well  as  dimensional  change.  These  studies  were  conducted 
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at  a single  temperature  - 1000°C.  Oxidation  times  of  4 
and  16  hours  were  employed  in  studying  the  behavior  of 
cylinders.  In  addition,  a series  of  5 minute  oxidation 
studies  were  made  to  determine  the  effect  of  residual 
fabrication  stresses  on  the  length  change.  Supplementary 
oxidation  experiments,  ranging  in  duration  from  1 to  64 
hours,  were  also  performed;  however,  the  full  range  of 
specimen  diameters  was  not  employed  in  these  cases. 

2.54  Special  Fxperiments 

A series  of  experiments,  each  involving  a small 
group  of  specimens,  were  performed  in  order  to  gather 
additional  information  concerning  the  oxidation  process. 
Each  of  these  experiments  contained  at  least  one  special 
feature  which  placed  it  outside  of  the  scope  of  oxidation 
procedures  previously  discussed. 

Special  studies  of  dimensional  changes  were  made 
in  the  case  of  two  cylindrical  and  six  flat  specimens  of 
differing  sizes.  In  order  to  minimize  possible  effects 
which  might  arise  from  residual  fabrication  stresses  or 
major  grain  rearrangement,  each  specimen  was  annealed  in 
vacuum  for  5 minutes  at  1000°C  prior  to  oxidation.  A 
portion  of  the  volumetric  apparatus.  Figure  5,  was  utilized 
in  this  operation.  Although  the  pressure  was  rather  high 
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during  the  annealing  period  (approximately  20  microns)  the 
specimens  showed  no  visual  evidence  of  tarnishing.  Each 
specimen  was  then  electropolished  and  measured  three  times. 

Five  of  the  above  flat  specimens  were  oxidized  for 
16  hours  at  1000°C  in  the  nickel  reaction  tube  furnace. 
Dimensional  changes  were  then  determined.  The  remaining 
flat  specimen  and  the  two  cylindrical  specimens  were  sub- 
jected to  oxidation  under  the  same  conditions;  however, 
their  oxidation  was  interrupted  several  times  in  order  to 
determine  the  dependence  of  dimensional  change  upon  oxi- 
dation time.  This  technique  of  interrupted  oxidation  was 
employed  in  order  to  minimize  possible  effects  of  specimen- 
to-specimen  variation. 

The  ability  of  the  oxidation  process  to  induce 
dimensional  changes  was  investigated  in  another  manner 
through  the  use  of  helical  and  right-angle-bend  specimens. 
After  initial  fabrication,  but  prior  to  oxidation,  each 
specimen  was  annealed  in  air  for  5 minutes  in  order  to 
relieve  forming  stresses.  Straightening  and  measuring 
operations  were  then  performed.  Helical  specimens  were 
oxidized  at  1000°C  while  bend  specimens  were  oxidized  at 
temperatures  ranging  from  970°C  to  1160°C.  Air  was  used 
as  the  oxidant  in  each  case. 

The  effect  of  steady  loading  on  scaling  behavior 
was  studied  at  900°C  in  a series  of  oxidation-creep 
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experiments.  Loads,  corresponding  to  axial  tensile  stresses 
up  to  1000  psi,  were  applied  while  the  specimen  was  maintain- 
ed at  the  oxidizing  temperature.  The  apparatus  used  in 
these  experiments  is  shown  schematically  in  Figure  8.  The 
upper  pull  rod  was  secured  to  the  support  arm  through  a 
universal  joint  which  prevented  excessive  anaxial  loading. 
After  the  furnace  had  reached  the  oxidizing  temperature, 
the  specimen  and  pull  rod  assembly  were  introduced  through 
the  top  of  the  quartz  furnace  tube  and  centered  within  it. 

The  loading  weights  and  load  pan  were  then  quickly  brought 
into  position,  coaxial  about  the  lower  pull  rod,  by  means 
of  a jackscrew-driven  platform  and  a retaining  nut  was 
screwed  to  the  rod  end.  The  load  was  applied  when  the 
test  specimen  reached  proper  temperature  by  slowly  lowering 
the  weight-supporting  platform.  The  loading  sequence  was 
reversed  after  64  hours  had  elapsed. 

The  effect  of  thermal  cycling  about  a mean  tempera- 
ture of  i000°C  was  also  explored.  The  amplitude  and  period 
of  the  temperature  cycle  was  usually  altered  by  either  ad- 
justing the  furnace  supply  voltage  or  displacing  the  control 
thermocouple  from  its  normal  position  at  the  center  of  the 
heated  zone.  In  one  case,  a small  clock  motor  was  employed 
to  drive  the  specimen  into  and  out  of  the  hottest  portion 
of  the  furnace.  All  specimens  used  in  this  study  were 
cylinders  of  nearly  identical  diameter. 
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Figure  8:  Schematic  drawing  of  the  apparatus 

employed  in  performing  oxidation- 
creep  experiments  at  900°C. 
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Finally,  a small  number  of  isolated  oxidation  ex- 
periments were  performed  under  various  experimental  con- 
ditions in  order  to  gain  supplementary  general  information 
about  the  scaling  process. 

2 . 6 Examination  of  Oxidized  Specimens 

Immediately  following  oxidation,  specimens  were 
examined  for  dimensional  changes.  Subsequent  to  this 
operation  the  character  of  the  oxide  scale  was  investigated 
metal  1 ographical 1 y , In  some  instances  y-ray  diffraction 
and  electron  microscopy  were  employed  to  provide  additional 
information. 

2.61  Scale  Thickness  Determinations 

In  order  to  determine  the  thickness  of  the  scale 
formed  during  oxidation  by  metallographic  methods,  the 
oxidized  specimens  were  sectioned  through  a centrally 
located  zone.  Cylindrical  specimens  were  sectioned  normal 
to  their  axes  and  flat  specimens  were  sectioned  normal  to 
their  largest  surfaces.  Spalling  of  the  oxide  from  the 
metal  during  this  operation  was  suppressed  by  applying  a 
heavy  coating  of  lacquer  to  the  surface  prior  to  cutting. 

A jewelers  handsaw  was  used  to  minimize  the  size  of  the 


disturbed  area  near  the  cut  surface  and  to  reduce  the 
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possibility  of  accidentally  bending  the  specimens.  Sub- 
sequent to  the  sectioning  operation,  the  cut  surface  of 
each  specimen  was  adjusted  by  sanding  with  metall ographic 
papers.  The  lacquer  coating  was  then  removed  with  acetone. 

Specimens  were  mounted  in  red  bakelite  and  were 
positioned  so  that  their  cut  surfaces  were  exposed  for 
examination.  A hand-operated  hydraulic  mounting  press 
made  by  Buehler  Ltd.  was  used  in  this  operation.  A surface 
suitable  for  microscopic  examination  was  provided  by 
polishing  first  with  240,  320,  400,  and  600-grit  silicon 
carbide  papers,  then  with  6 and  1 micron  diamond,  and 
finally  chemically  etching  the  polished  surface.  The 
etching  process  was  performed  by  immersing  the  polished 
specimen  in  a solution  containing  one  volume  each  of 
nitric  and  acetic  acids  diluted  with  two  volumes  of  dis- 
tilled water,  A satifactory  immersion  time  was  found  to 
be  3 to  6 minutes  with  the  etching  solution  at  a tempera- 
ture of  25°C  to  30°C.  This  etchant  attacked  both  the  metal 
and  the  bakelite,  leaving  the  relatively  unaltered  oxide 
clearly  delineated.  It  also  provided  the  metallic  nickel 
with  a surface  responsive  to  polarized  light. 

The  scale  thickness  of  each  specimen,  prepared  in 
the  manner  described  above,  was  determined  by  measurements 
made  using  a Bausch  and  Lomb  research  metal lograph . Polari- 
zed light  was  used  in  this  operation  primarily  because  it 
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afforded  a sharp  contrast  in  color  which  facilitated  and 
improved  the  accuracy  of  measurements.  The  oxide  layer 
which  was  to  be  measured  appeared  as  a green  band  sur- 
rounded on  one  side  by  red  bakelite  and  bounded  on  the 
other  by  the  dark-grey  metal. 

All  measurements  were  made  using  the  same  ob- 
jective lens  and  filar  eyepiece.  The  magnification 
provided  was  approximately  1000  diameters.  A Bausch  and 
Lomb  metric  stage  micrometer  was  adopted  as  the  length 
standard  for  this  procedure  and  the  filar  eyepiece  was 
calibrated  with  it.  Several  independent  determinations  of 
scale  thickness,  usually  18,  were  made  for  each  specimen. 
The  average  value  of  scale  thickness  and  its  associated 
probable  error  (50  per  cent  expectation)  were  calculated  in 
each  case.  Since  instrument-associated  errors  are  much 
smaller  than  the  observed  probable  errors,  the  latter  may 
be  interperted  as  an  index  of  the  scale  roughening. 

2.62  Examination  of  Oxide  Grain  Structure 

Except  in  the  case  of  either  very  short-time  or 
low-temperature  oxidizing  conditions,  the  oxide  grain 
structure  was  within  the  range  of  resolution  of  the  light 
microscope.  The  surface  structure  of  the  oxide  could  be 
observed  in  the  as-formed  (and  cooled)  condition  without 
resorting  to  special  preparation.  This  type  of  examination 
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was  used  extensively  in  the  present  work  as  a tool  for 
studying  the  effects  of  geometric  parameters. 

Cross  sections  of  the  oxide  grain  structure  were 
studied  using  the  specimen  preparation  technique  previously 
described  for  scale  thickness  determinations.  A single 
step  was  added  to  the  process  in  order  to  delineate  the 
grain  structure  of  the  oxide.  This  consisted  of  etching 
the  specimens  electrochemically  subsequent  to  the  immersion 
etching  process. 

The  etching  process  which  was  developed  removed  a 
suitable  thickness  of  oxide  but  did  not  cause  undue  erosion 
of  the  metallic  portion  of  the  specimens.  The  electrolyte 
consisted  of  one  volume  each  of  acetic  and  hydrofluoric 
acids  in  solution  with  four  volumes  of  distilled  water.  The 
specimen  served  as  the  cathode  and  the  anode  was  fabricated 
from  a sheet  of  type  430  stainless  steel.  Electrical  con- 
tact to  the  specimen  was  facilitated  by  carefully  drilling 
a small  hole  through  the  side  of  the  bakelite  mount  to  a 
depth  which  allowed  the  bit  to  penetrate  the  surface  layer 
of  oxide.  A wire  was  passed  through  this  hole  to  contact 
the  specimen  which  was  positioned  beneath  the  level  of  the 
electrolyte.  A potential  of  10  to  15  volts,  applied  for 
a period  of  4 minutes  with  the  electrolyte  temperature  ad- 
justed to  approximately  25°C,  produced  a satisfactory  degree 
of  etching. 
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2.63  Electron  Microscope  Studies 

The  microstructure  of  oxide  scales  was  investi- 
gated by  applying  standard  procedures  of  electron  micro- 
scopy. Chromium-shadowed  collodion  replicas  of  both 
external  surfaces  and  prepared  cross  sections  of  oxidized 
specimens  were  examined  using  a Phillips  Model-100  electron 
microscope.  Magnifications  of  5,000  to  30,000  diameters 
were  employed  to  observe  the  structural  features. 

2.64  X-ray  Diffraction  Studies 

Several  oxidized  cylindrical  specimens  were  ex- 
amined in  order  to  determine  whether  or  not  the  oxide 
crystals  were  preferentially  aligned.  A technique,  developed 
for  this  purpose,  utilized  the  Iaue  camera  and  accessories 
of  a standard  Norelco  X-ray  diffraction  unit. 

A nickel=f iltered  collimated  beam  of  copper 
radiation,  approximately  1 millimeter  in  diameter  was 
allowed  to  strike  an  oxidized  specimen  perpendicular  to 
an  element  of  its  cylinder.  The  specimen  was  adjusted  so 
that  approximately  one-half  to  two-thirds  of  the  beam  was 
intercepted.  Since  the  oxide  grain  size  was  relatively 
small,  the  cones  of  diffracted  radiation  were  moderately 
wfrH  defined.  The  unintercepted  portion  of  the  X-ray  beam 
and  2 or  3 of  these  resultant  cones  were  recorded  with 
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a flat-plate  camera  set  20  to  30  millimeters  beyond  the 
point  of  interception  of  the  beam  with  the  specimen. 

2- 7 Elevated-Temperature  Creep  Studies 

The  plastic  deformation  of  both  nickel  and  nickel 
oxide  was  investigated  at  1000°C  using  the  apparatus  shown 
in  Figure  3.  The  cylindrical  specimens  used  in  these  experi- 
ments were  axially  compressed  at  stress  levels  ranging  from 
approximately  500  to  2000  psi. 

Loads  were  applied  through  a single  lever  with  a 
mechanical  advantage  of  approximately  2 2/3  and  were  trans- 
mitted to  the  specimens  by  means  of  alumina  push  rods  0.375 
inch  in  diameter.  A close-fitting  ceramic  sleeve  enclosing 
the  specimen  and  push  rod  ends  prevented  the  assembly  from 
buckling.  Length  changes,  indicated  on  a sensitive  micro- 
meter rigidly  attached  to  the  frame  of  the  testing  machine, 
were  recorded  as  a function  of  time. 

A series  of  calibration  experiments,  performed  with 
pre-selected  loads,  were  employed  to  determine  the  deform- 
ation of  the  testing  machine  components.  The  information 
derived  from  these  tests  was  used  to  correct  the  time- 
deformation  data  subsequently  obtained  in  testing  nickel 
and  nickel  oxide  specimens.  Values  of  the  second  stage 
creep  rate  were  determined  graphically  from  plots  of 
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corrected  deformation  versus  elapsed  time.  In  all  cases, 
it  was  assumed  that  all  of  the  deformation  observed  took 
place  within  the  gage  section  of  the  specimen. 


CHAPTER  III 


EXPERIMENTAL  RESULTS 
3 . I Volumetric  Experiments 

The  volume  of  oxygen  consumed  by  nickel  spheres 
was  measured  as  a function  of  the  length  of  time  that 
they  were  exposed  to  oxygen  at  1000°C.  This  was  then 
normalized  to  a unit  area  basis  for  each  of  the  specimens 
studied.  The  normalized  quantity,  expressed  as  cubic  centi- 
meters of  oxygen  at  a pressure  of  one  quarter  atmosphere 
and  a temperature  of  21°C  per  square  centimeter  of  specimen 
surface  was  plotted  against  the  square  root  of  the  reaction 
time.  Choice  of  this  particular  function  is  based  on  the 
normally  observed  high-temperature  parabolic  scaling  be- 
havior of  nickel  (33)  which,  for  this  type  of  an  experiment, 
may  be  expressed  in  the  form: 

V = Kv  t1/2  + C.  (1) 

I 

Here,  V is  the  volume  of  oxygen  consumed,  Kv  is  the  volume- 
based  parabolic  rate  constant,  t is  the  duration  of  oxida- 
tion at  1000°C,  and  C is  a constant  which  accounts  for  the 
fact  that  a certain  amount  of  gas  is  consumed  prior  to  the 
time  at  which  the  oxidation  process  follows  the  parabolic 
law. 
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The  volumetric  data  for  five  spherical  specimens 
of  different  diameters  are  presented  in  Tables  10  through 
14  of  Appendix  1 and  in  graphical  form  as  shewn  in  Figures 
9 through  13.  Two  major  features  of  these  data  are 
immediately  apparent. 

1)  Each  set  of  data  points  may  be  described  by 

two  straight  line  segments,  the  first  of  which  has  a greater 
slope  than  the  second.  If  parabolic  scaling  behavior  is 
assumed,  this  then  indicates  that  the  rate  constant  changes 
to  some  smaller  value  after  the  reaction  has  proceeded  to 
the  point  indicated  by  the  slope  change. 

2)  i here  appears  to  be  a specimen-to-specimen 
variation  in  both  the  initial  and  final  rates  of  reaction 
in  spite  of  the  fact  that  the  oxygen  consumption  has  been 
normalized  to  unit  surface  area.  This  behavior  indicates 

that  the  rate  of  reaction  is  not  dependent  on  surface  area 
alone . 

The  rate  constants  associated  with  the  initial 
portion  of  the  reaction,  denoted  as  Kv} , and  those  associated 

t 

with  the  final  portion  of  the  reaction,  denoted  as  Kv2,  were 
evaluated  for  each  specimen  by  determining  the  slopes  of 
the  straight  line  segments  shown  in  Figures  9 through  13. 

It  was  attempted  to  separate  the  oxidation  behavior  of 
these  specimens  on  the  basis  of  a geometric  parameter.  The 
parameter  chosen  was  total  curvature,  which  in  the  case  of 
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Square  Root  of  Oxidation  Time,  (minutes 

Figure  10:  Oxygen  consumption  as  a function  of  time  for  a spheroid  of  curvature 

3.40  crr  ^ oxidized  at  1000°C  in  oxygen  at  a pressure  of  cne-quarter 
atmosphere . 
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a sphere  may  be  defined  as  two  times  the  reciprocal  of  the 
radius.*  Plots  of  the  initial  and  final  rate  constants  as 
a function  of  curvature  are  shown  in  Figures  14  and  15,  re- 
spectively. These  figures  indicate  that  there  is  a trend 
for  increasing  rate  of  reaction  with  increasing  curvature. 
Numerical  values  of  the  rate  constants  are  presented  in 
Table  15. 

3.2  Preliminary  Scale  Thickening  Experiments 

The  results  of  scale  thickness  determinations  for 
cylindrical  specimens  oxidized  in  air  at  900°C  and  1000°C 
indicate  that,  for  each  series  investigated,  there  is  a 
trend  for  increasing  scale  thickness  with  increasing  curva- 
ture. It  should  be  noted  that  in  no  case  does  the  scale 
thickness  exceed  1/30  of  the  specimens  radius.  The  curva- 
ture in  the  case  of  cylinders  is  defined  herein  as  the 
reciprocal  of  their  radii. 

This  dependence  of  scale  thickening  on  specimen 
curvature  is  shown,  perhaps  most  strikingly,  by  the  graph 
of  Figure  16  which  was  drawn  from  data  for  specimens 
oxidized  in  the  vertical  furnace  for  16  hours  at  1000°C. 

The  decreased  value  of  scale  thickness,  in  this  instance 


♦Throughout  this  work,  total  curvature  will  be 
defined  as  follows:  curvature  = ( 1 + 1 \ . where  r} 

rj  r2 

and  r2  are  principle  radii.  Convex  surfaces  will  be 
assigned  a positive  curvature. 
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Specimen  Curvature,  cm  1 

Figure  14:  Initial  parabolic  rate  constant  as  a function  of  specimen  curvature 

for  spheroids  oxidized  at  1000°C  in  oxygen  at  a pressure  of  one- 
quarter  atmosphere. 
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near  the  midrange  of  curvatures  investigated,  was  observed 
to  some  extent  in  each  of  the  series  of  specimens  investi- 
gated. Its  character  was,  however,  found  to  be  dependent 
on  the  particular  conditions  of  oxidation.  For  example, 
specimens  oxidized  in  the  same  furnace  at  900°C  for  64 
hours  exhibit  a decrease  in  scale  thickening  which  appears 
to  persist  to  the  highest  values  of  curvature  investigated, 
as  shown  in  Figure  17.  The  presence  of  the  thickness 
minimum  is  less  well  defined  for  shorter  oxidation  times 
as  may  be  seen  by  comparing  the  curve  of  Figure  17  with 
that  of  Figure  18,  the  latter  representing  specimens 
oxidized  for  16  hours  under  otherwise  identical  conditions. 
It  should  be  noted  that  simple  parabolic  growth  of  the 
scale  is  not  being  evidenced;  for  if  it  were,  there  would 
be  a two-to-one  relationship  in  the  thicknesses  of  scales 
formed  for  the  case  of  Figures  17  and  18  - an  effect  which 
is  not  observed. 

Further  evidence  for  seemingly  anamolous  behavior 
is  seen  in  the  comparison  of  the  thickness-curvature  graphs 
of  Figures  16  and  19  representing  the  results  of  1000°C 
oxidation  in  air  for  16  and  64  hours  respectively.  In 
spite  of  the  difference  in  environmental  conditions  under 
which  each  series  of  specimens  was  oxidized,  one  would  ex- 
pect that  there  should  have  been  approximately  twice  as  much 
scale  formed  during  64  hours  as  there  was  during  16  hours. 
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Figure  18:  Scale  thickness  as  a function  of  curvature  for  cylindrical  specimens 

oxidized  in  air  at  900°C  for  16  hours. 
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Specimen  Curvature,  cm  1 

Figure  19:  Scale  thickness  as  a function  of  curvature  for  cylindrical  specimens 

oxidized  in  air  at  100QOC  for  64  hours. 
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It  is  readily  seen  that  this  is  not  the  case  and  it  appears 
that  either  oxidation  is  not  proceeding  by  a parabolic 
growth  mechanism  or  seemingly  minor  changes  in  environment 
are  drastically  modifying  the  oxidation  process. 

All  flat  specimens,  of  course,  have  zero  curvature. 
The  sensitivity  of  the  scale  thickening  process  to  curva- 
ture, found  in  the  case  of  cylindrical  specimens,  suggested 
that  some  parameter  be  devised  to  test  the  effect  of  the 
size  of  flat  specimens  on  their  scaling  behavior.  It  was 
arbitrarily  decided  that  the  ratio  of  scale  thickness  to 
original  cross-sectional  area  provide  the  desired  analog. 
Thus,  reciprocal  sheet  thickness  was  chosen  to  replace 
curvature  in  the  case  of  flat  specimens.  Plots  based  on 
this  parameter  are  shown  in  Figures  20  and  21  for  16-hour 
air  oxidation  at  1000°C  and  64-hour  air  oxidation  at  900°C 
respectively.  These  graphs  indicate  that  as  the  sheet 
thickness  is  diminished  the  scale  thickness  also  decreases, 
at  least  initially.  This  is  in  contrast  to  the  trend  for 
increased  scale  thickness  with  decreasing  specimen  size 
observed  in  the  case  of  cylindrical  specimens.  The 
curves  of  Figures  16  and  20  are  superimposed  and  presented 
in  Figure  22  by  employing  a common  size  parameter.  In  the 
case  of  cylindrical  specimens  this  parameter  is  the  curva- 
ture while  for  flat  specimens  it  is  the  reciprocal  thickness. 
The  curves  of  Figures  17  and  21  are  similarly  superimposed 
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Reciprocal  Sheet  Thickness,  cm  -1 

Figure  21:  Scale  thickness  as  a function  of  specimen  thickness  for  flat 

specimens  oxidized  in  air  at  900°C  for  64  hours. 
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and  the  result  is  shown  in  Figure  23.  Both  superpositions 
clearly  demonstrate  that,  when  identical  oxidizing  environ- 
ments are  employed,  cylindrical  specimens  form  thicker 
scales  than  do  flat  specimens.  The  scale  thickness  data 

of  Figures  16  through  21  are  presented  in  Tables  16  through 
21,  respectively. 

3 • 3 Scale  Thickening  in  a Controlled  Environment 

Two  series  of  cylindrical  specimens  having  various 
curvatures  were  oxidized  in  dried  oxygen  at  1000°C  using 
the  nickel  reaction  tube  furnace.  The  results  of  scale 
thickness  determination  for  oxidation  times  of  4 and  16 
hours  are  presented  graphically  in  Figures  24  and  25 
respectively.  The  general  features  of  these  curves  in- 
dicate the  same  trends  cited  earlier  for  air  oxidation 
studies.  The  scaling  behavior  again  appears  to  deviate 
from  that  which  would  be  predicted  by  the  parabolic  law 
and  there  is  a trend  for  increasing  scale  thickness  with 
increasing  curvature. 

The  16-hour  data,  Figure  25,  exhibit  a region 
of  decreased  scale  thickening  near  the  midpoint  of  the 
range  of  curvatures  investigated  as  did  the  specimens 
oxidized  for  16  hours  in  air,  Figure  16.  Comparison  of 
these  figures  indicates  that  the  amount  of  scale  formed 
in  oxygen  was,  however,  only  approximately  one-half  that 
which  was  formed  in  air.  This  fact  is  in  direct  opposition 
to  the  known  pressure  dependence  of  the  scaling  rate  of 
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Specimen  Curvature,  cm  1 

Figure  25:  Scale  thickness  as  a function  of  curvature  for  cylindrical  specimens 

oxidized  in  dried  oxygen  at  1000°C  for  16  hours 
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nickel  which  on  both  theoretical  and  experimental  grounds 
should  increase  with  increasing  oxygen  pressure  (39). 

Thus  while  the  qualitative  behavior  is  similar,  there  is 
evidently  some  environmental  parameter,  other  than  oxygen 
pressure  and  temperature,  which  plays  a major  role  in  the 
scaling  behavior. 

Cylinders  having  curvatures  of  approximately  0, 

4,  8,  and  12  cm“^  were  oxidized  in  the  nickel  tube  furnace 
at  1000°C  for  various  times  up  to  64  hours.  The  scale 
thicknesses  were  determined  and  plotted  against  the  square 
root  of  oxidation  time.  The  results  of  these  determinations 
are  shown  graphically  in  Figures  26  through  29,  and  are 
summarized  in  Figure  30.  It  is  seen  that  as  the  curvature 
is  increased,  the  specimens  initially  oxidize  at  a higher 
rate  and  deviate  from  the  initial  behavior  earlier.  The 

- l 

specimens  apparently  cannot  recover  from  these  initial 
deviations  to  assume  their  original  rate;  however,  specimens 
of  the  highest  curvature  tested  could  apparently  recover 
enough  to  thicken  at  an  average  rate  greater  than  that  of 
specimens  of  lower  curvature. 

The  unusual  type  of  non-parabolic  scale  thickening 
just  cited  aids  in  understanding  the  character  of  the  data 
shown  in  Figures  24  and  25.  If  we  consider  a three- 
dimensional  model  of  the  data  shown  in  Figures  24  through 
30,  then  each  of  the  graphs  may  be  thought  of  as  a specific 


Scale  lhickness,  microns 
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Figure  26:  Scale  thickness  as  a functicn  cf  time 

for  specimens  of  curvature  0 cm” 1 
oxidized  at  1000°C 


Scale  Thickness,  microns 
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Figure  27:  Scale  thickness  as  a function  of  time 

for  specimens  of  curvature  4crn  1 
oxidized  at  1000°C. 


Scale  Thickness,  microns 
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Square  root  of  time,  (hours 


Figure  28:  Scale  thickness  as  a function  of  time 

for  specimens  of  curvature  8 cm- 1 
oxidized  at  1000°C. 


Scale  Thickness,  microns 
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Square  root  of  time,  (hours 


Figure  29: 


Scale  thickness  as  a function  of  time 
for  specimens  of  curvature  12  cm"l 
oxidized  at  1000°C, 


Scale  Thickenss,  microns 
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Square  root  of  time  (hours)^/2 


Figure  30:  Scale  thickness  as  a function  of  time 

for  specimens  of  curvature  0,  4,  8, 
and  12  cm  1 oxidized  at  1000°C. 
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plane  cut  through  a special  surface.  This  surface  is  con- 
tained in  the  space  whose  coordinates  are:  scale  thickness, 
specimen  curvature,  and  square  root  of  the  oxidation  time. 
Figure  31  shows  a schematic  representation  of  the  surface 
and  its  associated  sections.  From  this  model  it  is  seen 
that  the  curvature-thickness  behavior  and  the  time-thickness 
behavior  are  interdependent.  Thus,  the  former  behavior 
may  be  readily  explained  if  reasons  for  the  latter  behavior 
are  understood. 

A single  group  of  five  specimens  in  the  form  of  flat 
plates  was  oxidized  for  16  hours  at  1000°C  in  the  nickel  tube 
furnace.  Measurements  of  scales  indicated  a trend  for  de- 
creasing specimen  thickness  as  shown  in  Figure  32.  This  is 
the  same  as  the  trend  found  earlier  for  specimens  oxidized 
in  air.  It  was  noted  that  the  thickness  of  scale  formed  on 
flat  specimens  was  generally  less  than  that  produced  on  cyl- 
indrical specimens  oxidized  under  the  same  conditions,  while 
the  irregularity  of  the  metal-oxide  interface  was  more 
pronounced  in  the  case  of  flat  specimens. 

The  values  of  scale  thickness  produced  during  oxi- 
dation in  the  controlled  environment  apparatus  are  pre- 
sented in  Tables  22  through  24. 

3.4  Scale  Thickening  Behavior  of  Hollow  Cylinders 

Two  oxidation  experiments  were  performed  using 
specimens  in  the  form  of  hollow  cylinders.  One  group  of 
specimens  was  oxidized  in  stagnant  air  at  900°C  for  64 
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hours,  the  other  in  dried  oxygen  at  1000°C  for  36  hours. 
Measurements  of  the  thicknesses  of  the  resulting  scales 
are  presented  in  Table  b. 


TABLE  5 

SCALE  THICKNESSES  DEVELOPED  ON  HOLLOW  CYLINDERS 


Curvature*,  cm  ^ Scale  Thickness,  microns 

900°C  1000°C 


2.14 

20.9 

+ 

1.6 

17.6 

+ 

1.0 

1.81 

26.6 

+ 

1.6 

lb. 4 

+ 

0.8 

1.64 

24.6 

+ 

2.8 

18.2 

+ 

1.6 

-2.07 

21.3 

+ 

0.7 

22.4 

+ 

1.8 

-2.98 

18.8 

+ 

1.9 

29.0 

+ 

2.6 

-6.10' 

18.0 

+ 

0.9 

24.9 

+ 

3.7 

The  data  of  Table  5 indicate  that  while  the  thick- 
ness of  scale  formed  on  convex  surfaces  is  greater  than  that 
formed  on  concave  surfaces  at  900°C,  the  relationship  is 
reversed  for  those  specimens  oxidized  at  1000°C. 


*Negative  values  of  curvature  indicate  (concave)  internal 
surfaces . 
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3.5  Dimensional  Changes  as  a Result  of  Oxidation 

Several  specimens,  in  the  form  of  solid  right- 
cylinders,  were  oxidized  at  100C°C  in  one  atmosphere  of 
oxygen  using  the  nickel  reaction-tube  furnace.  Subsequently 
they  were  inspected  for  dimensional  changes.  A series  of 
specimens  was  oxidized  for  5 minutes  in  order  to  determine 
the  magnitude  of  the  effect  that  residual  stresses  or  other 
peculiarities  of  the  material  might  have  on  the  dimensional 
stability  of  the  specimens.  The  results  of  these  measure- 
ments are  shown  graphically  in  Figure  33.  They  suggest 
that  this  material  possesses  a rather  complex  system  of 
residual  stresses.  Some  uncertainty  in  the  data  is  to  be 
expected  due  to  both  specimen-to-specimen  variation  and, 
especially  for  specimens  of  smaller  diameter,  the  difficulty 
associated  with  producing  specimens  which  are  truly  coaxial 
with  the  as-received  stock. 

Lengths  were  also  measured  for  specimens  prepared 
and  oxidized  in  the  same  manner  with  the  exception  that 
oxidation  times  were  in  excess  of  5 minutes.  These  data  are 
shown  in  Figure  34  with  the  curve  for  the  5-minute  oxidation 
data  superimposed.  The  major  conclusion  to  be  drawn  from 
this  figure  is  that  specimens  oxidized  in  excess  of  5 
minutes  tend  to  increase  in  length  due  to  oxidation  if 
their  diameter  .is  smaller  than  that  associated  with  a 
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Specimen  Curvature,  cm  -*■ 

Figure  33:  Axial  length  change  as  a function  of  curvature  for  cylindrical 

specimens  oxidized  in  dried  oxygen  at  1000°C  for  5 minutes. 


Axial  Length  Change,  per  cent 
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Figure  34:  Axial  length  change  as  a function  of  curvature 

for  cylindrical  specimens  oxidized  for  various 
times  in  dried  oxygen  at  1000°C.  Solid  curve 
represents  5 minute  data  of  Figure  33. 
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curvature  of  approximately  7 cm“l , while  specimens  of  larger 
diameter  do  not  exhibit  such  behavior.  The  lack  of  uniform- 
ity in  the  data  for  specimens  of  smaller  diameter  suggests 
that  some  differences  in  specimen  fabrication  or  preparation 
may  be  providing  a major  influence. 

In  order  to  avoid  this  source  of  error,  two  cylindri- 
cal specimens  were  annealed  in  vacuum  and  then  subjected  to 
interrupted  oxidation  at  1000°C.  Length  measurements  were 
carefully  performed  before  and  after  each  oxidation  period. 
The  results  of  these  measurements  are  shown  in  Figures  35 
and  36  for  cylindrical  specimens  of  curvature  6 and  8 cm” 1 
respectively.  Subsequent  to  initial  fluctuations  in  length, 
the  specimens  exhibited  a roughly  parallel  behavior,  first 
elongating  as  oxidation  progressed  and  later  decreasing  in 
length.  The  onset  of  the  length  decrease  apparently  occurs 
earlier  in  time  for  the  specimen  of  lower  curvature. 
Flongaticn  data  for  both  continuous  and  interrupted  oxidation 
studies  are  presented  in  Tables  25  through  27  of  Appendix  1. 

A series  of  vacuum  annealed  flat  specimens  was  also 
monitored  for  dimensional  change  as  a result  of  oxidation 
at  1000°C  for  16  hours.  The  results  of  this  experiment 
are  given  in  Table  6. 

The  data  indicate  that  the  elongation  of  these  speci- 
mens tends  to  increase  as  their  thickness  is  decreased.  It 
should  be  pointed  out  that  there  is  an  uncertainty  in  length 
change  associated  with  the  tendency  for  the  specimens  to 
buckle  during  the  oxidation  process.  This  effect  would 
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tend  to  reduce  the  measured  gage  length  of  oxidized  speci- 
mens, especially  in  the  case  of  thin  sheets.  The  trend 
for  increasing  length  change  with  decreasing  specimen 
thickness,  appears  to  persist  in  spite  of  this  fact.  How- 
ever, some  of  the  irregularity  in  the  data  should  probably 
be  associated  with  the  buckling  phenomenon. 

TABLE  6 

LENGTH  CHANGE  OF  FLAT  SPECIMENS  RESULTING  FROM  OXIDATION 
AT  1000°C  FOR  16  HOURS 


Specimen  Thickness 
(inch ) 

Length 
( Per 

Change 
cent ) 

0.0322 

+ 

0.119  + 

0.020 

0.0157 

+ 

0.084  + 

0.020 

0.0087 

+ 

0.177  + 

0.020 

0.0060 

+ 

0.137  + 
1 

0.020 

Since  small  dimensional  changes  were  observed  to 
result  from  oxidation  of  relatively  massive  specimens, 
it  was  felt  that  larger  effects  could  be  observed  if  the 
specimen  size  was  reduced  so  that  the  thickness  of  the 
metal  and  the  oxide  were  more  nearly  equal.  Specimens 
used  to  test  this  concept  were  fabricated  from  thin  sheet 
by  forming  it  into  the  shape  of  helices  and  right-angle 
bends . 
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Helical  specimens,  fabricated  from  0.0065  inch  nickel 
sheet  and  then  annealed,  were  oxidized  at  1000°C  in  air. 

The  deformations  resulting  from  this  treatment  are  given  in 
Table  7. 


TABLE  7 


DIMENSIONS  OF  HELICAL 

SPECIMENS 

BEFORE  AND 

AFTER  OXIDATION 

Specimen 

External 
Diameter 
( inch ) 

Length 
(inch ) 

Number  of 
Turns 

#1  - Before  oxidation 

0.2054 

1.7461 

2 

#1  - After  115  minutes 

0.2045 

1.7461 

2 

#2  - Before  oxidation 

0.0910 

3.4305 

6.5 

#2  - After  1255  minutes  0.0880 

3.4361 

6.9 

The  data  of  Table  7 indicate  that  the  helical 
specimens  appear  to  "wind-up"  during  oxidation.  In  both 
cases  the  external  diameter  was  decreased  and,  for  the 
specimen  oxidized  the  longer  time,  the  number  of  turns 
and  the  length  were  observed  to  increase. 

A second  experiment  was  conducted  using  a right- 
angle  bend  specimen  fabricated  from  0.0065  inch  flat 
stock  formed  on  a mandril  0.099  inch  in  diameter.  This 
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specimen  was  oxidized  in  air  by  hanging  it  in  a vertical 
furnace  which  was  controlled  at  1160°C.  In  this  position, 
the  angle  of  the  bend  should  have  increased  if  the  speci- 
men experienced  only  the  effect  of  gravity.  Inspection 
of  the  specimen  at  selected  intervals  of  time  over  a 
period  of  30  hours,  however,  indicated  that  the  angle 
continuously  closed.  Measurements  of  the  specimen 
showed  that  the  degree  of  closure  was  approximately  pro- 
portioned to  the  square  root  of  oxidation  time,  as  is 
illustrated  in  the  graph  of  Figure  37. 

The  results  of  this  experiment  and  the  preceding 
one,  though  qualitative  in  nature,  indicate  that  sizeable 
stresses  are  acting  in  the  region  of  the  scale  layer. 

In  both  cases,  though  the  specimens  were  thin,  the  thick- 
nesses of  scale  developed  were  less  than  one-tenth  that 
of  the  metal. 

Two  groups  of  right-angle  bend  specimens,  fabri- 
cated from  0.0065  and  0.0035  inch  sheet  stock,  were  formed 
on  mandrils  of  pre-selected  diameter.  After  annealing 
these  specimens  were  oxidized  for  approximately  2 hours 
at  1 100°C  in  stagnant  air.  The  results  of  this  test  in- 
dicated that  thinner  specimens  and  smaller  bend  radii 
favor  closure  of  the  angle.  Some  specimens,  having  bend 
radii  larger  than  approximately  0.125  inch,  exhibited 


T 


T 


T 


T 


O 


saa.i6ep 


quaujaroaQ  .iexn6uv 


Square  Root  of  Oxidation  Time,  (hours)1' 

Figure  37:  Closure  of  right-angle  bend  specimen  as  a function  of  oxidation 

time  in  air  at  1160°C 


a widening  of  the  angle  upon  oxidation.  This  effect  is 
thought  to  be  due  to  creep  at  the  oxidation  temperature 
induced  by  gravity.  Flat  control  specimens  which  were 
hung  vertically  and  oxidized  with  those  mentioned  above 
did  not  show  any  evidence  of  bending. 
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3 . 6 Oxide  Microstructure 

Metallographic  examinat ion  of  oxidized  specimens 
indicated  that  the  microstructures  of  the  scales  formed 
were  strongly  dependent  upon  the  nature  of  the  oxidizing 
environment.  For  the  sake  of  clarity,  the  results  of 
these  examinations  are  grouped  into  divisions  within  which 
the  environment  is  approximately  constant  and  the  specimen 
geometry  is  used  as  a testing  parameter. 

Throughout  this  presentation,  photomicrographs  of 
external  oxide  surfaces  developed  on  cylindrical  specimens 
are  oriented  such  that  the  cylindrical  axis  is  parallel  to 
the  figure  title.  Photomicrographs  of  oxidized  surfaces 
of  flat  specimen  and  electron  photomicrographs  are  pre- 
sented without  specific  correlation  between  principle 
directions  of  the  specimen  and  the  text. 

3.61  Preliminary  Experiments-Vertical  Furnace 

Photomicrographs  of  cylindrical  specimens  oxidized 
in  air  for  16  hours  at  900°C  are  shown  in  Figures  38  through 
40.  The  surface  structure  of  the  oxide  formed  on  a speci- 
men of  approximate  curvature  2 cm- ^ is  shown  at  two 
elevations  in  Figure  38.  The  upper  photograph  illustrates 
the  grain  structure  of  the  outermost  portion  of  the  oxide 
scale  while  the  lower  one,  taken  with  the  focal  plane 
positioned  approximately  6.6  microns  beneath  the  outermost 


Figure  38:  Photomicrographs  of  the  external  surface  of  the 

scale  formed  on  a cylindrical  specimen  of  curva 
ture  2 cm- 1 oxidized  for  16  hours  at  900°C. 
Focal  plane  at  outermost  surface  (a)  and  6.6 
microns  beneath  it  (b).  Magnification  500x, 
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surface,  shows  a much  finer  grain  size.  It  is  not  believed 
that  this  structural  difference  is  due  to  local  exfoliation 
of  the  scale;  but  rather,  that  both  of  these  surfaces, 
separated  by  about  one-half  of  the  average  thickness  of 
the  scale,  coexisted  at  the  oxidizing  temperature.  The 
upper  photograph  shows,  in  addition  to  the  angular  grains, 
several  dark  regions  having  light,  acicular  centers.  These 
are  apparently  grain  segments,  roughly  in  the  form  of 
prisms  or  pryamids,  which  protrude  above  the  general  level 
of  the  microstructure.  Microscopic  examination  shows  that 
these  features  are  bounded  by  curved  surfaces  and  do  not 
have  the  angular  character  of  the  remainder  of  the  grain 
structure . 

Figure  39  illustrates  the  grain  structure  developed 
on  specimens  of  approximate  curvatures  9 and  13  cm- 1 . 
Comparison  with  Figure  38  shows  that  specimens  with  higher 
curvatures  tend  to  develop  grain  facets  more  nearly  tangent 
to  the  cylindrical  surface  giving  the  im.pression  that  the 
metal  surface  is  more  completely  covered  by  oxide.  The 
density  and  size  of  protrusions  is  seen  to  first  decrease 
and  then  increase  as  the  curvature  is  increased.  The 
photomicrograph  of  Figure  40  shows  a cross  section  of  the 
same  specimen  illustrated  in  Figure  38.  It  illustrates 


Figure  39:  Photomicrographs  of  the  external  surface  of 

the  scale  formed  on  cylindrical  specimens  of 
approximate  curvature  9 cm  1 (a)  and  13  cm  -*■ 
(b)  oxidized  for  16  hours  at  900CC. 
Magnification  500x. 
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Figure  40:  Photomicrograph  of  the  cross  section  of  the 

scale  formed  on  a cylindrical  specimen  of 
curvature  2 cm  ^ oxidized  for  16  hours  at 
900°C.  Electrochemical  Ftch.  Magnification 
500x . 
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that  the  grain  structure  is  essentially  columnar  with  some 
columns  extending  away  from  the  metal  beyond  their  neighbors. 
The  oxide  structure  appears  relatively  dense  and  free 
from,  gross  mechanical  defects  such  as  cracks  or  fissures. 

Some  of  the  dark  areas  within  the  oxide  are  undoubtedly 
due  to  "pull-outs"  resulting  f rom ‘mechanical  polishing. 

Figures  41  through  44  illustrate  the  grain  struc- 
ture of  the  oxide  formed  on  cylindrical  specimens  having 
various  radii  of  curvature  during  oxidation  in  air  for  64 
hours  at  900°C.  The  oxide  microstructures  are  in  many 
respects  similar  to  those  developed  during  the  900°C,  16- 
hour  oxidation  treatment,  especially  for  those  specimens 

l 

possessing  smaller  curvatures.  There  is,  however,  a 
general  coarsening  of  the  grain  size  with  time  as  may  be 
seen  by  comparing  the  photomicrographs  of  Figures  38  through 
40  with  those  of  Figures  41  through  44.  The  64-hour  speci- 
mens exhibit  microstructural  features  which  appear  to  be 
more  highly  dependent  upon  specimen  curvature  than  was  the 
case  for  the  16-hour  oxidation  treatment. 

The  oxide  grain  size  as  well  as  the  size  of  pro- 
trusions from  the  surface  increases  sharply  with  an  increase 
of  curvature  from  approximately  1.6  to  3.2  cm- Accompany- 
ing this  change,  there  also  appears  to  be  an  overall  increase 
in  the  amount  of  distortion  in  the  structure.  In  addition, 
in  Figure  41b  it  may  be  seen  that,  at  least  in  some  cases, 
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the  protrusions  are  associated  with  either  the  boundaries 
or  edges  of  grains  rather  than  their  centers.  Upon  increas- 
ing the  specimen  curvature  in  excess  of  10cm“l , the  grain 
shape  becomes  more  acicular  and  the  distortion  of  the  struc- 
ture becomes  decentralized  with  the  oxide  grains  apparently 
acting  in  unison  as  shown  in  the  photomicrograph  of  Figure 
43a.  The  protrusions,  noted  for  specimens  with  smaller 
values  of  curvature,  are  now  nearly  absent.  At  the 
highest  value  of  curvature  investigated  (approximately 
19.8  cm” 1 ) the  grains  take  on  an  even  more  acicular  nature 
and  the  protrusions  and  surface  distortion  are  apparently 
absent . 

The  photomicrograph  of  Figure  44  shows  a cross 
section  of  the  grain  structure  for  a specimen  with  curva- 
ture approximately  equal  to  2.1  cm-l . Voids  have  apparently 
formed  within  the  oxide  and  seem  to  be  associated  primarily 
with  a zone  near  the  metal-oxide  interface.  The  grain 
structure  is  again  seen  to  be  generally  crack-free  and 
columnar  in  nature  with  voids  in  most  cases  associated  with 
the  boundary  network.  Some  oxide  appears  to  have  formed 
beneath  the  general  level  of  the  scale  to  produce  locally 
thicker  regions  of  scale. 

The  photomicrographs  of  Figures  45  through  50  show 
the  grain  structure  of  the  scale  developed  on  cylindrical 
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(b) 


Figure  41:  Photomicrographs  of  the  external  surface  of 

scales  formed  on  cylindrical  specimens  oxi- 
dized in  air  for  64  hours  at  90C°C.  Speci- 
men curvatures  1.6  cm- 1 (a)  and  3.2  cm“l  (b). 
Magnification  500x. 
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Figure  42:  Photomicrographs  of  the  external  surface  of 

scales  formed  on  cylindrical  specimens  oxi- 
dized in  air  for  64  hours  at  900°C.  Speci- 
men curvatures  6.5  cm  ^ (a)  and  9.7  cm  1 (b). 
Magnification  500x. 
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Figure  43:  Photomicrographs  of  the  external  surface  of 

scales  formed  on  cylindrical  specimens  oxi- 
dized in  air  for  64  hours  at  900°C.  Speci- 
men curvatures  12.9  cm-!  (a)  and  19.8  cmPl  (b). 
Magnification  500x. 
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Figure  44:  Photomicrograph  of  the  cross  section  of  a scale 

formed  on  a cylindrical  specimen  oxidized  in 
air  for  64  hours  at  900°C.  Specimen  Curvature 
2.1  cm“l . Magnification  500x. 
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specimens  oxidized  for  16  hours  in  air  at  100C°C.  As  in 
the  case  of  those  specimens  oxidized  for  64  hours  in  air 
at  900°C,  these  exhibit  a sharp  increase  in  oxide  grain 
size  as  the  specimen  curvature  is  initially  increased 
followed  by  the  appearance  of  acicular  crystals  at  higher 
values  of  curvature.  The  initial  change  in  oxide  grain 
size  is  accompanied  by  the  appearance  of  high  concentra= 
tion  of  large  oxide  protrusions,  as  shown  in  Figure  45  for 
specimens  of  curvature  2.0  and  4.0  cm  A further  increase 
in  curvature  to  a value  of  6.4  cm” 1,  Figure  46a,  apparently 
produces  a general  distortion  of  the  scale  as  evidenced 
by  the  small  region  of  sharp  focus  in  this  photomicrograph. 
Figures  45b  and  46a  both  illustrate  that  the  favored 
positions  for  formation  of  protrusions  are  at  grain  corners 
and  edges,  and  especially  at  those  regions  which  seem  to 
involve  intimate  contact  between  oxide  grains.  These 
figures  also  show  some  grain  facets  which  are  convex  in 
form. 

The  slightly  rounded  angular  grains  as  well  as  the 
oxide  protrusions  disappear  as  the  specimen  curvature  is 
increased  to  7.9  cm-^-.  They  are  replaced  by  a structure 
consisting  of  acicular  grains  with  a large  fraction  of 
thses  facets  tangent  to  the  specimen  surface,  as  shown  in 


Figure  45:  Photomicrographs  of  the  external  surface  of 

scale  formed  on  cylindrical  specimens  oxi- 
dized in  air  for  16  hours  at  100CoCs  Speci- 
men curvature  2.0  cm”l  (a)  and  4.0  cm"i  (b). 
Magnification  500x. 
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Figure  46:  Photomicrographs  of  the  external  surface  of 

scales  formed  on  cylindrical  specimens  oxi- 
dized in  air  for  16  hours  at  1000°C.  Speci- 
men curvatures  6.4  cmfl  (a)  and  7.9  cm“i  (b). 
Magnification  500x. 
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Figure  47:  Photomicrographs  of  the  external  surface  of 

scales  formed  on  cylindrical  specimens  oxi  = 
dized  in  air  for  16  hours  at  10C0°C.  Speci- 
men curvatures  10.2  cm  ' (a)  and  12.6  cm” 1 (b). 
Magnification  500x. 
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Figure  48:  Electron  photomicrographs  of  the  external 

surface  of  the  scale  formed  on  a cylindrical 
specimen  of  curvature  6.4  cm”!  oxidized  in 
air  for  16  hours  at  1000°C.  Magnification 
6000x  (a)  and  4000x  (b). 
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Figure  49:  Electron  photomicrographs  of  the  external 

surface  of  the  scale  formed  on  a cylindrical 
specimen  of  curvature  8.9  cm" oxidized  in 
air  for  16  hours  at  1000°C.  Magnification 
6000x  (a)  and  7500x  (b). 
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Figure  50:  Electron  photomicrographs  of  the  external 

surface  of  the  scale  formed  on  a cylindrical 
specimen  of  curvature  15.4  cm  ^ oxidized  in 
air  for  16  hours  at  1000°C.  Magnification 
5000x  (a)  and  3500x  (b). 
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Figure  46b.  This  type  of  structure  persists,  and  further 
increases  in  specimen  curvature  serve  only  to  provide  a 
larger  fraction  of  grain  facets  tangent  to  the  specimen 
surface  giving  the  microstructure  a "filled-in"  appearance. 
Small  protrusions  again  appear  when  the  external  surface 
is  sufficiently  Mfilled-in. " This  is  illustrated  in  the 
photomicrograph  of  Figure  47b  which  shows  the  oxide 
developed  on  a specimen  having  curvature  12.6  cm” 

The  surface  structure  of  the  scales  formed  on  cyl- 
indrical  specimens  of  curvature  6.4,  8.9,  and  15.4  cm"!  are 
shown  in  detail  in  the  electron  photomicrographs  of  Figures 
48  through  50  respectively.  It  is  seen  that  in  many  cases 
the  crystal  facets  possess  some  curvature  as  may  be  inferred 
from  the  differences  in  shading  on  a given  facet.  These 
differences  are  most  readily  apparent  in  the  electron  photo- 
micrographs of  Figure  48;  a specimen  previously  cited  for 
possessing  a scale  with  a distorted  microstructure.  Careful 
inspection  of  Figure  48a  reveals  localized  areas  of  deform- 
ation apparently  associated  with  grain-to-grain  contact 
while  Figure  48b  shows  a field  of  small  angular  oxide 
grains  partially  surrounding  a large-grained  structure 
containing  a protrusion.  This  area  of  mixed  grain  sizes  is 
not  representative  of  the  specimen  surface.  A comparison 
of  Figures  49  and  50  illustrate  the  "filling-in"  process 
associated  with  increasing  specimen  curvature  noted  earlier. 
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Figure  51:  Photomicrographs  of  the  cross  sections  of  scales 

formed  on  cylindrical  specimens  of  curvature  0 
cm“l  (a)  and  2.0  cm“l  (b)  oxidized  in  air  for 
16  hours  at  1000°C.  Electrochemical  etch. 
Magnification  500x. 


Figure  52:  Photomicrographs  of  the  cross  sections  of  scales 

formed  on  cylindrical  specimens  of  curvature 
6.4  cm“l  (a)  and  9.0  cm” 1 (b)  oxidized  in  air 
for  16  hours  at  1000°C.  Electrochemical  etch. 
Magnification  500x. 
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Figure  53:  Photomicrographs  of  the  cross  sections  of  scales 

formed  on  cylindrical  specimens  of  curvature 
12.6  cm  (a)  and  15.4  cm- ^ (b)  oxidized  in  air 
for  16  hours  at  100C°C,  Electrochemical  etch. 
Magnification  500x. 
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An  example  of  a protrusion  arising  between  two  oxide  grains 
is  shown  in  the  upper-right  portion  of  Figure  50b. 

The  cross-sectional  structure  of  the  oxide  for 
specimens  of  various  curvature,  is  illustrated  in  the 
photomicrographs  of  Figures  51  through  53.  The  grain  shape 
is  basically  columnar  except  near  the  metal-oxide  interface 
where  it  exhibits  a nearly  equiaxial  structure.  As  the 
curvature  is  increased,  the  width  of  the  columns  becomes 
greater  and  the  structure  becomes  less  regular  due  primarily 
to  damage  incurred  by  the  polishing  operation.  Near  the 
midrange  of  curvatures  investigated,  circumferential  cracking 
of  the  oxide  is  evident  while  it  appears  to  be  absent  at 
either  extreme  of  the  series.  The  onset  of  severe  circum- 
ferential cracking  was  found  to  coincide  with  the  onset  of 
acicular  external  oxide  grain  structure.  A longitudinal 
section  of  the  scale,  for  the  specimen  of  curvature  15,4 
cm  1 is  shown  in  Figure  54.  Some  evidence  for  crack  forma- 
tion, paralled  to  the  metal-oxide  interface  may  be  seen 
in  the  columnar  grain  structure.  Figure  55  is  an  electron 
photomicrograph  of  an  electrochemical ly  polished  cross 
section  showing  details  of  the  columnar  oxide  grain 
structure  for  a specimen  having  curvature  2.0  cm”1.  The 
fine  lines  generally  appearing  nearly  parallel  to  the 
column  axes  are  residual  scratches  from  the  mechanical 
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polishing  operation.  The  oxide  grain  boundaries  appear 
as  deep  grooves,  indicating  that  the  electrical  properties 
of  the  grain  boundary  regions  are  much  different  than  those 
of  the  surrounding  grains. 

Figures  56  and  57  provide  evidence  supporting  the 
contention  that  blisters  form  in  the  scale  during  the  oxida- 
tion process  rather  than  as  a result  of  cooling.  Both 
figures  indicate  that  porous  blisters  formed  when  the  scale 
was  approximately  one-third  of  its  final  thickness.  The 
shearing  surfaces  and  the  intimate  contact  of  the  oxide 
crystals  bounding  it  are  evident  from  inspection  of  the 
photomicrographs.  There  is  a tendency  for  such  blister 
formation  to  increase  with  increasing  specimen  curvature. 

It  was  found  that  the  external  surface  of  the  oxide 
developed  a preferred  orientation  which  was  determined  by 
X-ray  techniques.  Figure  58  shows  a series  of  three  diffrac- 
tion patterns.  These  indicate  that  a wire  texture  is  present 
for  specimens  of  curvature  2.0  and  11.1  cm”1  while  nearly 
random  orientation  of  the  oxide  grains  prevails  for  the 
specimen  having  curvature  6.4  cm“l.  Analysis  of  these 
patterns,  which  result  from  the  {ill}  and  {200}  diffraction 
cones,  indicates  that  many  of  the  grains  have  their  < 100> 
directions  aligned  parallel  to  the  cylinder  axis  of  the 
specimen. 
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Figure  54:  Photomicrograph  of  the  longitudinal  section  of 

the  scale  formed  on  a cylindrical  specimen  of 
curvature  15.4  cm“l  oxidized  in  air  for  16 
hours  at  1000°C.  Electrochemical  etch. 
Magnification  500x. 
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Figure  56:  Photomicrograph  of  the  cross  section  of  a scale 

blister  formed  on  a cylindrical  specimen  of 
curvature  6.4  cm"l  oxidized  in  air  for  16  hours 
at  1000DC.  Electrochemical  etch.  Magnification 
500x . 
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Figure  57:  Photomicrographs  of  the  cross  section  of  a 

scale  blister  formed  on  a cylindrical  speci- 
men of  curvature  15.4  cm- 1 oxidized  in  air 
for  16  hours  at  1000°C.  Electrochemical  etch. 
Magnification  250x  (a)  and  500x  (b). 
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The  final  series  of  experiments  performed  with 
the  vertical  furnace  employed  flat  specimens  of  various 
thickness.  Oxide  microstructures,  developed  as  a result 
of  oxidation  in  air  for  16  hours  at  1000°C,  are  shown  in 
Figures  59  through  61.  As  the  thickness  of  the  specimen 
is  decreased,  the  oxide  grain  size  first  decreases  and  then 
increases  again.  The  oxide  protrusions  present  on  the 
thickest  specimen,  Figure  59a,  disappear  as  the  thickness 
of  the  sheet  is  diminished  and  do  net  reappear  except  on 
the  thinnest  specimens  investigated  as  seen  in  Figure  61a. 
This  observation  infers  that  the  protrusions  are  formed 
at  the  oxidizing  temperature.  Their  favored  positions 
of  formation  are  again  seen  to  be  at  points  of  grain-to- 
grain  contact. 

Figure  61b  shows  a cross-sectional  view  of  the 
oxide  grain  structure  formed  on  the  thinnest  specimen 
investigated.  The  grain  structure  essentially  consists 
of  thin  columns  as  opposed  to  the  more  fan-like  crystals 
formed  on  the  smallest  cylindrical  specimen  oxidized 
under  identical  conditions,  Figure  53.  In  addition, 
there  is  no  indication  of  a region  of  equiaxial  crystals 
near  the  metal-oxide  interface  as  there  was  in  the  case 
of  cylindrical  specimens. 
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Figure  58:  X-ray  diffraction  patterns  of  scales  formed  on 

cylindrical  specimens  of  curvature  2.0  cm-!  (a), 
6.4  cm  1 (b),  and  11.1  cm  1 (c)  oxidized  in  air 
for  16  hours  at  1000°C.  Cylindrical  axis 
parallel  to  figure  titles. 


Figure  59:  Photomicrographs  of  the  external  surface  of 

scales  formed  on  plane  specimens  oxidized  in 
air  for  16  hours  at  1000DC.  Reciprocal 
thickness  1.2  cm“l  (a)  and  3.2  cm  * (b). 
Magnification  500x. 
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Figure  60:  Photomicrographs  of  the  external  surface  of 

scales  formed  on  plane  specimens  oxidized 
in  air  for  16  hours  at  1000°C.  Reciprocal 
thickness  6.5  cm  1 (a)  and  10.2  cm  1 (b). 
Magnification  500x. 
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Figure  61:  Photomicrographs  of  the  scale  formed  on  a plane 

specimen  of  reciprocal  thickness  16.8  cm- 1 oxi- 
dized in  air  for  16  hours  at  1C00°C.  External 
surface  (a)  and  cross  section  (b).  Magnification 
50Gx . 
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3.62  Preliminary  Experiments  - Horizontal  Furnace 

The  external  surfaces  of  the  oxide  grain  structure 
formed  on  cylindrical  specimens  of  various  curvature  during 
oxidation  in  air  at  1000°C  are  shown  in  Figures  62  through 
64.  The  microstructure  is  seen  to  differ  radically  from 
that  produced  by  oxidation  in  the  vertical  furnace,  Figures 
4b  through  47.  In  many  instances,  the  grain  shape  is  seen 
to  be  highly  angular  or  nearly  idiomorphic  and  there  appears 
to  be  no  evidence  of  oxide  protrusions.  As  the  specimen 
curvature  is  increased  from  1.0  to  7.2  cm"~^  the  fraction 
of  grain  facets  tangent  to  the  surface  diminishes  giving 
rise  to  the  effect  that  the  surface  of  the  specimen  is  less 
completely  covered  by  oxide.  Further  increases  in  curvature 
produce  grains  with  stepped  facets  as  shown  in  Figure  63b. 
For  the  specimens  of  highest  curvature  investigated,  the 
fraction  of  grains  with  stepped  surfaces  diminished, 

Figure  64,  and  the  microstructure  again  becomes  similar  to 
that  produced  at  lower  values  of  curvature  (compare,  for 
example.  Figures  64b  and  62b).  The  grain  size  of  the  oxide 
per  se  appears  to  be  nearly  independent  of  the  specimen 
diameter  over  the  range  of  curvature  investigated. 

The  electron  photomicrograph  of  Figure  65  shows 
details  of  the  surface  structure,  including  seme  grains 
having  stepped  facets,  for  a specimen  of  curvature  2.0  cm 


124 


Figure  62:  Photomicrographs  of  the  external  surface  of 

scales  formed  on  cylindrical  specimens  oxi- 
dized in  air  for  64  hours  at  1000°C.  Speci- 
men curvatures  2.0  cm  (a)  and  6.0  crrfl  (b). 
Magnification  500x. 


Figure  63:  Photomicrographs  of  the  external  surface  of 

scales  formed  on  cylindrical  specimens  oxi- 
dized in  air  for  64  hours  at  1000°C.  Speci- 
men curvatures  7.2  cm” 1 and  9.0  cm“l  (b). 
Magnification  500x. 
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Figure  64:  Photomicrographs  of  the  external  surface  of 

scales  formed  on  ^cylindrical  specimens  oxi- 
dized in  air  for  64  hours  at  1000°C.  Speci- 
men curvatures  11  cm”l  (a)  and  14.0  cm"!  (b). 
Magnification  500x. 
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The  columnar  nature  of  the  grain  structure  is  illustrated 
in  the  photomicrograph  of  the  scale  cross  section  shown  in 
Figure  66. 

X-ray  diffraction  patterns  of  the  external  surface 
of  the  oxide  revealed  that  a wire  texture  was  again  present 
in  some  of  the  scales.  These  patterns,  shown  in  Figure  67, 
indicate  that  the  Oll^  directions  of  the  oxide  crystals 
tend  to  be  aligned  parallel  to  the  cylinder  axes.  This 
is  in  contrast  to  the  <100>  wire  texture  developed  on 
those  specimens  oxidized  in  the  vertical  furnace.  It  is 
seen  that  as  the  curvature  of  the  specimens  is  increased, 
the  tendency  for  alignment  alternately  increases  and 
decreases . 

3.63  Controlled  Enviornment  Experiments 

The  microstructures  of  the  scales  formed  in  the 
nickel  tube  furnace  on  specimens  under  an  atmosphere  of 
dried  oxygen  at  1000°C  differ  significantly  from  those 
discussed  earlier.  Surface  distortion  is  almost  always 
present  and  the  oxide  grain  size  is  considerably  smaller 
than  that  of  air-formed  scales.  The  specimens  used  in 
this  portion  of  the  investigation  were  varied  in  curvature 
by  steps  of  1 cm"!  over  the  range  from  2 to  12  cm  1 . 
Curvatures  were  usually  maintained  to  within  + 2 per  cent 
of  the  integral  value  given. 
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Figure  65:  Electron  photomicrograph  of  the  external 

face  of  a specimen  oxidized  in  air  for  64 
at  1000°C.  Specimen  curvature  2.0  cm- 1 . 
Magnification  4500x. 


sur- 

hours 
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Figure  66:  Photomicrograph  of  the  cross  section  of  the 

scale  formed  on  a cylindrical  specimen  of 
curvature  6.0  cm—l  oxidized  in  air  for  64 
hours  at  1000°C.  Magnification  500x. 
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Figure  67:  X-ray  diffraction  patterns  of  scales  forced  on 

cylindrical  specimens  of  curvature  2.0  cm“l  (a), 
6.0  cm  1 (b),  7.2  cm  (c),  and  11.0  cm~l  (d) 
oxidized  in  air  for  64  hours  at  1000°C. 

Cylinder  axes  parallel  to  figure  title. 
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The  photomicrographs  of  Figures  68  through  78  are 
arranged  in  order  of  increasing  curvature  with  the  4-hour 
rricrostructure  positioned  at  the  top  and  the  16-hour  micro- 
structure positioned  at  the  bottom  of  each  figure.  Among 
the  noteworthy  features  illustrated  by  these  figures  are 
the  following: 

1)  There  is  usually  a correlation  both  in  the 
structure  and  in  the  shading  of  the  microstructures 
developed  during  the  4-  and  16-hour  oxidation  treatments. 
This  indicates  that  the  final  microstructure  is  dependent 
upon  the  pre-existing  scale  layer. 

2)  The  amount  of  distortion  exhibited  by  the 
scale  appears  to  follow  an  alternating  pattern  as  the 
curvature  is  continuously  increased  over  the  range  investi- 
gated; distortion  maximum  being  evident  at  approximate 
specimen  curvatures  of  2,  6,  and  11  cm”1.  A darker  shading 
in  the  photomicrographs  is  seen  to  correspond  with  these 
maxima . 

3)  There  is,  in  the  microstructures  of  those 
specimens  oxidized  for  4 hours,  an  inhomogeniety  in  the 
microstructure  evidenced  as  light-colored  "islands"  which 
are  positioned  closer  to  the  metal  than  the  surrounding 
oxide  crystals.  This  feature  is  most  prominent  for 
specimens  of  curvature  5 cm”1,  Figure  71a.  Its  apparent 
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figure  68: 


Photomicrographs  of  the  external  surface  of 
scales  formed  on  cylindrical  specimens  of  curva- 
ture 2 cm  ^ oxidized  in  one  atmosphere  of  dried 
oxygen  at  1000°C.  Oxidation  time  4 hours  (a) 
and  16  hours  (b).  Magnification  lOOOx. 
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Figure  69:  Photorricrographs  of  the  external  surface  of 

scales  formed  on  cylindrical  specimens  of  curva- 
ture 3 cm  i oxidized  in  one  atmosphere  of  dried 
oxygen  at  10C0°C.  Oxidation  time  4 hours  (a) 
and  16  hours  (b).  Magnification  ICOOx. 
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Figure  70:  Photomicrographs  of  the  external  surface  of 

scales  formed  on  cylindrical  specimens  of 
curvature  4 cm  1 oxidized  in  one  atmosphere 
of  dried  oxygen  at  1000°C.  Oxidation  time 
4 hours  (a)  and  16  hours  (b). 

Magnification  lOOOx. 
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Figure  71 : Photomicrographs  of  the  external  surface  of 

scales  formed  on  cylindrical  specimens  of 
curvature  5 cm-1  oxidized  in  one  atmosphere 
of  dried  oxygen  at  1000°C.  Oxidation  time  4 
(a)  and  16  hours  (b).  Magnification  ICOCx. 


hours 
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Figure  72:  Photomicrographs  of  the  external  surface  of 

scales  formed  on  cylindrical  specimens  of 
curvature  6 cm”!  oxidized  in  one  atmosphere 
of  dried  oxygen  at  1000°C.  Oxidation  time 
4 hours  (a)  and  16  hours  (b).  Magnification 
lOOOx . 
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Figure  73:  Photomicrographs  of  the  external  surface  of 

scales  formed  on  cylindrical  specimens  of 
curvature  7 cm- 1 oxidized  in  one  atmosphere 
of  dried  oxygen  at  1000°C.  Oxidation  time 
4 hours  (a)  and  16  hours  (b).  Magnification 
lOOOx . 


Figure  74:  Photomicrographs  of  the  external  surface  of 

scales  formed  on  cylindrical  specimens  of 
curvature  8 cm  1 oxidized  in  one  atmosphere 
of  dried  oxygen  at  1000°C.  Oxidation  time 
^urs  anc*  hours  (b).  Magnification 
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Figure  75:  Photomicrographs  of  the  external  surface  of 

scales  formed  on  cylindrical  specimens  of 
curvature  9 cm  1 oxidized  in  one  atmosphere 
of  dried  oxygen  at  1000°C.  Oxidation  time 
4 hours  (a)  and  16  hours  (b).  Magnification 
lOOOx. 


(b) 


Figure  76:  Photomicrographs  of  the  external  surface  of 

scales  formed  on  cylindrical  specimens  of 
curvature  10  cm- 1 oxidized  in  one  atmosphere 
of  dried  oxygen  at  1000°C.  Oxidation  time 
4 hours  (a)  and  16  hours  (fc).  Magnification 
lOOOx . 


Figure  77:  Photomicrographs  of  the  external  surface  of 

scales  formed  on  cylindrical  specimens  of 
curvature  11  cm- ^ oxidized  in  one  atmosphere 
of  dried  oxygen  at  1000°C.  Oxidation  time 
4 hours  (a)  and  16  hours  (b).  Magnification 
lOOOx. 


Figure  78:  Photomicrographs  of  the  external  surface  of 

scales  formed  on  cylindrical  specimens  of 
curvature  12  cm-!  oxidized  in  one  atmosphere 
of  dried  oxygen  at  1000°C.  Oxidation  time 
4 hours  (a)  and  16  hours  (b).  Magnification 
lOOOx . 
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effect  on  the  microstructure  of  specimens  oxidized  for  16 
hours  is  shown  in  the  photomicrograph  of  Figure  71b. 

4)  The  favored  sites  for  oxide  protrusions,  as 
determined  from  inspection  of  the  less-distorted  micro- 
structures  of  the  16-hour  specimens,  again  appears  to  be 
at  points  of  grain-to-grain  contact.  Although  it  is  not 
easily  discernible  from  the  photomicrographs,  certain  of 
the  grains  were  found  to  have  apparently  convex  facets, 

Details  of  the  oxide  surface  structure  are  shown 
in  the  electron  photomicrographs  of  Figure  79  for  specimens 
oxidized  1 and  16  hours  at  1000°C.  Figure  79a  illustrates 
that  early  in  the  oxidation  process,  grains  have  a dis- 
torted appearance  exhibiting  both  convex  and  concave  sur- 
faces, while  relatively  few  flat  surfaces  are  in  evidence. 

A crack  in  the  scale,  running  diagonally  across  the  photo- 
micrograph, is  seen  to  be  basically  intergranular  in  nature. 
Comparison  of  the  photomicrographs  of  Figure  79  shows  that 
there  is  an  appreciable  increase  in  grain  size  between  the 
first  and  sixteenth  hours  of  oxidation.  The  lower  photo- 
micrograph indicates  that  the  surface  distortion  of  the 
scale  tends  to  localize  at  longer  oxidation  times,  favoring 
areas  of  grain-to-grain  contact.  Many  of  the  grain  surfaces, 

while  nearly  flat,  still  exhibit  slight  convex  and  concave 

/ 

character  and  several  areas  of  upheaval  near  the  oxide 
grain  boundaries  are  visible. 
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The  cross-sectional  character  of  the  oxide  crystals 
is  shown  in  the  photomicrographs  of  Figure  80  for  specimens  of 
curvature  4 cm” 1 oxidized  for  16  and  64  hours.  The  grain 
structure  is  once  again  seen  to  be  columnar.  For  the 
shorter  oxidation  time,  the  oxide  is  apparently  dense  and 
free  of  mechanical  faults,  while  at  longer  times  severe 
circumferential  cracking  is  noted  and  the  scale  is  apparently 
more  susceptible  to  mechanical  failure  resulting  from  the 
polishing  operation.  A comparison  of  the  photomicrographs 
of  this  figure  and  those  of  the  preceding  one  indicates 
that  the  oxide  grains  grow  in  size  at  a rate  much  slower 
than  that  which  would  be  predicted  from  a parabolic  growth 
law. 

Oxide  microstructures,  developed  on  flat  specimens 
oxidized  for  16  hours  at  1000°C  in  dried  oxygen,  are  shown 
in  the  photomicrographs  of  Figures  81  through  84.  These 
show  that  as  the  thickness  of  the  original  sheet  specimen 
is  reduced,  the  regularity  of  the  oxide  structure  is 
diminished.  Although  protrusions  are  evident  at  points  of 
grain  contact,  especially  for  the  thicker  specimens,  the 
major  distortion  of  the  surface  appears  to  take  the  form 
of  cooperative  displacement  of  the  oxide  crystals.  This 
is  evidenced  by  the  fact  that  some  areas  containing  several 
grains  are  displaced  in  elevation  with  respect  to  others. 
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Figure  79:  Electron  photomicrographs  of  the  external  sur- 

face of  scales  formed  on  cylindrical  specimens 
oxidized  in  dried  oxygen  at  1000°C.  Curvature 
8 cmT^,  oxidation  time  1 hour  (a);  and  curva- 
ture 4 cm”l , oxidation  time  16  hours  (b). 
Magnification  5000x. 
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Figure  80:  Photomicrographs  of  the  cross  sections  of  scales 

formed  on  cylindrical  specimens  of  curvature 
2 cm- 1 oxidized  in  dried  oxygen  at  1000°C  for 
16  hours  (a),  and  64  hours  (b).  Electro- 
chemical etch.  Magnification  500x. 
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As  the  sheet  thickness  is  reduced  to  less  than  approximately 
0.016  inch,  light-colored  "islands"  begin  to  appear  similar 
to  those  encountered  in  the  4-hour  oxidation  of  cylinders. 

As  in  the  previous  case,  these  "islands"  were  found  to  lie 
a few  microns  beneath  the  outermost  surface  of  the  oxide. 

In  the  photomicrographs  of  Figure  83,  the  focal  plane  is 
adjusted  to  the  level  of  the  external  surface,  while  in 
Figure  84  it  is  adjusted  to  the  level  of  an  "island." 

The  photomicrograph  of  Figure  84a,  taken  using  oblique 
bright  field  illumination,  shows  markings  in  the  surface 
suggestive  of  the  flow  lines,  but  there  is  no  evidence  of 
an  oxide  grain  structure.  Inspection  of  the  same  area  with 
polarized  light  revealed  the  crystallographic  deformation 
markings  shown  in  Figure  84b.  These  markings  were  found 
to  be  associated  with  the  majority  of  the  light-colored 
areas  on  the  thinnest  specimen  studied  (approximately 
0.006  inch).  The  similarly-shaped  and  colored  areas  of 
thicker  specimens  did  not  exhibit  these  markings  when 
examined  with  polarized  light,  but  rather  had  a color 
similar  to  that  of  the  surrounding  oxide. 

3.64  Near-Equilibrium  Microstructure 

Two  specimens  were  oxidized  in  stagnant  air  under 
time-temperature  conditions  which  allowed  a considerable 
amount  of  atomic  rearrangement  at  the  external  surface  of 


Figure  81:  Photomicrographs  of  the  external  surface  of 

scales  formed  on  plane  specimens  oxidized  in 
dried  oxygen  for  16  hours  at  1000°C.  Reciprocal 
thickness  6.2  cm”1  (a),  and  12.2  cm-1  (b). 
Magnification  lOOOx. 
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(b) 


Figure  82:  Photomicrographs  of  the  external  surface  of 

scales  formed  on  plane  specimens  oxidized 
in  dried  oxygen  for  16  hours  at  1000°C. 
Reciprocal  thickness  25.0  crrfl  (a),  and  45.2 
cm“ 1 (b).  Magnification  lOOOx. 


Figure  83:  Photomicrographs  of  the  external  surface  of 

the  scale  formed  on  a plane  specimen  of 
reciprocal  thickness  65.6  cm“i  oxidized  in 
dried  oxygen  for  16  hours  at  1000°C.  Magni- 
fication lOOOx  (a),  and  500x  (b). 
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Figure  84:  Photomicrographs  of  the  external  surface  of  the 

scale  formed  on  a plane  specimen  of  reciprocal 
thickness  65.6  crrfl  oxidized  in  dried  oxygen 
for  16  hours  at  1000OC.  Magnification  lOOOx. 
Illumination:  oblique  bright  field  (a),  and 
polarized  light  (b). 
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the  oxide.  It  was  felt  that  under  these  conditions  the 
surface  structure  would  approach  its  equilibrium  con- 
figuration more  closely  than  any  of  the  other  specimen 
surfaces  studied.  The  microstructures  resulting  from 
oxidation  at  1200°C  for  16  hours  and  1000°C  for  124  hours 
are  shown  in  the  photomicrographs  of  Figure  85.  Aside 
from  the  pitting  exhibited  by  the  specimen  oxidized  at 
1000°C,  the  microstructures  are  remarkably  similar.  The 
crystals  tend  to  be  highly  idiomorphic,  possess  flat 
facets,  and  be  relatively  well  isolated  from  neighboring 
crystals.  Thus,  oxide  protrusions  arising  from  grain- 
to-grain  contact  are  absent. 

3.65  Oxide  Adherence 

Exfoliation  of  scales  from  specimens  as  a result 
of  cooling  from  the  oxidizing  temperature  was  not  ob- 
served. This  behavior  has  been  attributed  to  the  remark- 
ably similar  coefficients  of  thermal  expansion  of  the  metal 
and  the  oxide  (35)  . Metallographic  inspection  of  the 
oxide  has,  however,  indicated  that  the  oxide  is  not  always 
totally  adherent  to  the  metal. 

Portions  of  almost  all  the  specimens  oxidized  in 
this  investigation  were  examined  in  cross  section  after 
being  mounted  in  bakelite.  The  mounting  process  involves 
a single  thermal  cycle  in  which  the  specimen,  surrounded 
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Figure  85:  Photomicrographs  of  the  external  surface  of 

specimens  oxidized  in  air.  Oxidation  treat- 
ment 1200°C  for  16  hours  (a)  and  1000°C  for 
124  hours  (b).  Magnification  500x. 
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by  a plastic  powder,  is  heated  under  pressure  from  room 
temperature  to  approximately  150°C  and  then  is  again  cooled 
to  room  temperature.  During  the  high-temperature  portion 
of  this  cycle,  the  external  surface  of  the  oxide  is  brought 
into  intimate  contact  with  and  is  bonded  to  the  plastic 
mounting  material.  Subsequent  cooling  of  the  specimen 
generates  tensile  stresses  in  the  scale  which  are  in  some 
cases  large  enough  to  cause  localized  failure.  Thus,  the 
mounting  process  per  se  may  be  considered  as  a qualitative 
mechanical  test  of  the  soundness  of  the  scale.  In  all 
cases  fracture  was  found  to  occur  within  the  oxide  layer. 
Favored  regions  of  fracture  were  found  to  be  either  near 
the  center  of  the  scale  or  near  the  metal-oxide  interface. 
Figures  86  through  89  show  the  degree  of  adhesion  of  the 
scale  in  terms  of  the  per  cent  contact  with  the  metal  as 
a function  of  specimen  size  for  several  of  the  oxidation 
conditions  investigated.  These  results  indicate  that 
adhesion  is  favored  if  either  the  specimen  size  is  large 
or  the  oxidation  time  is  long.  Figure  89  shows  a reversal 
m the  time  dependence  from  the  generalization  as  the  speci- 
men size  is  extended  to  the  minimum  investigated.  This 
behavior  implies  that  some  faults  in  the  scales  which  were 
incurred  in  the  initial  portions  of  the  oxidation  process 
may  be  repaired  upon  continued  oxidation. 


Scale  Contact,  per  cent 
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(b) 


Figpre  86: 


Adhesion  of  the  scale  as  a function  of 
specimen  size  for  cylindrical  and  flat 
specimens  oxidized  in  air  at  900  C. 
Cylinders,  16  hours  (a);  cylinders,  6 
hours  (b);  Flat  sheet,  64  hours  (c). 


Scale  Contact,  per  cent 
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(a) 


(b) 


Figure  87:  Adhesion  of  the  scale  as  a function  of 

specimen  size  for  cylindrical  and  flat 
specimens  oxidized  in  air  at  1000°C. 
Cylinders.  16  hours  (a);  Flat  sheet, 

16  hours  (b);  and  cylinders,  64  hours  (c). 


Scale  Contact,  per  cent 
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(b) 


Figure  88:  Adhesion  of  the  scale  as  a function  of 

specimen  size  of  cylindrical  and  flat 
specimens  oxidized  in  dried  oxygen  at 
1000OC.  Cylinders,  4 hours  (a);  16 
hours  ( b ) ; and  flat  sheet,  16  hours  (c). 
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3.7  Environmental  Studies 

Both  the  scale  thickening  behavior  and  the  oxide 
microstructure  were  found  to  be  highly  dependent  upon  the 
particular  furnace  and  associated  environmental  conditions 
which  existed  at  the  time  of  oxidation.  The  specimens 
within  each  of  the  series  of  oxidation  experiments  dis- 
cussed previously  were  oxidized  under  conditions  which 
were  as  nearly  constant  as  possible  so  that  the  geometric 
parameters  were  the  variables  of  primary  importance.  In 
the  case  of  the  preliminary  oxidation  studies  in  air, 
the  effect  of  possible  instabilities  in  the  local  labora- 
tory atmosphere  were  questioned.  The  systematic  behavior 
of  the  data  indicated  that  the  magnitude  of  effects 
arising  from  this  source  of  error  were  usually  ignorable; 
however,  at  least  in  one  instance,  when  ammonia  vapor 
from  a cleaning  solution  was  present  in  the  atmosphere, 
anomolous  results  were  obtained.  Considerations  of  this 
nature  lead  to  the  subsequent  employment  of  controlled 
atmosphere  oxidation  studies. 

At  least  three  major  differences  in  environmental 
conditions  existed  in  the  horizontal  and  vertical  furnaces 
used  for  preliminary  oxidation  studies;  these  were:  degree 

of  stagnation  of  the  air,  type  of  furnace  ceramic,  and  time- 
temperature  profile.  In  spite  of  these  differences,  the 
same  general  trend  was  found  for  the  dependence  of  scale 
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thickening  on  specimen  curvature,  while  absolute  values  of 
scale  thickness  and  microstructural  studies  indicated  that 
their  effect  was  not  negligible. 

A series  of  cylindrical  specimens  of  curvature  2 cm”* 
were  oxidized  for  16  hours  at  1000°C  under  several  different 
conditions  in  an  attempt  to  determine  the  relationship  of 
the  environmental  parameters  to  the  oxidation  process  and 
to  provide  some  degree  of  correlation  between  preliminary 
oxidation  specimens  treated  in  different  furnaces.  The 
conditions  of  each  test  performed  and  the  results,  in  terms 
of  scale  thickness,  are  given  in  Table  8.  Values  of  scale 
thickness  shown  in  parentheses  are  reduced  from  observed 
values  by  a factor  1.3  in  order  to  account  for  the  known 
pressure  dependence  of  the  oxidation  rate  constant  (39). 

The  trade  names  "Volcanus"  and  "JM-20"  noted  in  the  table 
are  aluminum  silicate-based  ceramics  manufactured  by  the 
Coors  Porcelain  Company  and  the  Johns-Manville  Corporation 
respectively.  '‘Volcanus"  is  a relatively  inert,  vitrified, 
gas-tight  ceramic  with  a maximum  service  temperature  of 
approximately  1600°C,  while  "JM-20"  is  a porous  firebrick 
used  primarily  for  its  insulating  qualities  at  service 
temperatures  below  1100°C. 

The  information  presented  in  Table  8,  in  conjunction 
with  metallographic  evidence,  indicates  the  following  results: 

1)  Tests  1 and  2:  The  addition  of  small  amounts  of 

water  vapor,  present  in  commercially  available  oxygen  gas. 
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decrease  both  the  scale  thickness  and  surface  roughness  of 
the  oxide.  The  latter  effect  is  illustrated  by  the  photo- 
micrographs of  Figure  90.  The  conditions  of  test  1 are 
identical  to  those  used  with  the  controlled  environment 
oxidation  studies. 

2)  Test  4:  Reduction  of  oxygen  pressure  does  not 

affect  the  value  of  scale  thickness  in  excess  of  that 
which  is  expected  on  the  basis  of  the  known  pressure 
dependence  of  the  scaling  rate.  There  is  however,  a marked 
reduction  in  distortion  of  the  oxide  surface  as  shown  in 
the  photomicrograph  of  Figure  91. 

3)  Tests  2 and  6:  The  use  of  air  instead  of 

oxygen  as  the  oxidant  increases  the  scaling  rate  slightly 
and  provides  the  oxide  grains  with  both  stepped  surfaces 
and  a Oll>  wire  texture  as  illustrated  in  Figure  92. 

4)  Tests  6 and  7:  Oxidation  in  stagnant  air 
reduces  the  scale  thickness  with  respect  to  that  found 

on  specimens  oxidized  in  moving  air.  The  stepped  surfaces 
diminish  in  favor  of  formation  of  angular  oxide  grains 
and  the  wire  texture  weakens.  These  effects  are  shown 
in  Figure  93.  The  conditions  of  test  7 are  identical  to 
those  used  with  the  horizontal  furnace  during  preliminary 
oxidation  studies. 
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Figure  90:  Photomicrographs  of  the  external  surface  of 

scales  formed  on  cylindrical  specimens  of 
curvature  2 cm”l  oxidized  for  16  hours  at 
1000°C.  Environmental  conditions:  test  1(a) 

and  test  2(b)  of  Table  8.  Magnification  500x. 
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Figure  91:  Photomicrograph  of  the  external  surface  of 

the  scale  formed  on  a cylindrical  specimen 
of  curvature  2 cm“l  oxidized  for  16  hours  at 
1000°C.  Environmental  conditions:  test  4 of 

Table  8.  Magnification  500x. 
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Figure  92:  Photomicrograph  (a)  and  X-ray  diffraction 

pattern  (bj  of  the  external  surface  of  the 
scale  formed  on  a cylindrical  specimen  of 
curvature  2 cnfl  oxidized  for  16  hours  at 
1000°C.  Environmental  conditions:  test  6 

of  Table  8.  Magnification  500x  (a). 


(b) 


Figure  93:  Photomicrograph  (a)  and  X-ray  diffraction 

pattern  (b)  of  the  external  surface  of  the 
scale  formed  on  a cylindrical  specimen  of 
curvature  2 cm” 1 oxidized  for  16  hours  at 
1000°C.  Environmental  conditions:  test  7 

of  Table  8.  Magnification  500x  (a). 
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5)  Tests  7 and  6:  A thermal  fluctuation  of 

+ 3 l/4°C  about  the  mean  temperature  of  1000°C  produces 
an  increase  in  scale  thickening,  acicular  grains  at  the 
oxide  surface,  and  a <100>  wire  texture.  The  oxide  micro- 
structure  and  diffraction  pattern  are  both  shown  in  Figure 
94.  The  results  of  tests  2 and  3 indicate  that  a thermal 
fluctuation  of  + 1 l/4°C  has  little  effect  on  the  oxide 
microstructure  or  thickness.  The  results  of  tests  5 and  6 
indicate  that  a thermal  fluctuation  of  + 6°C  (about  a mean 
temperature  of  996°C)  produces  a major  increase  in  seal© 
thickening.  This  high-amplitude  thermal  cycle  also  pro- 
duces the  distorted  oxide  surface  shown  in  Figure  95. 

6)  Tests  7 and  9:  Presence  of  "JM-20"  firebrick 

in  the  oxidizing  zone  increases  the  scaling  rate  of  the 
metal.  The  microstructural  characteristics  of  the  oxide 
produced  during  test  9,  however,  remained  very  similar  to 
those  produced  during  test  7.  The  accelerated  scaling 
behavior  is  thought  to  be  due  to  volatile  impurities  in 
the  brick  which  alter  the  transport  properties  of  the 
oxide.  This  impurity  was  not  detected  by  either  X-ray  or 
metallographic  techniques. 

7)  Tests  9,  10,  11,  and  12:  Both  the  amplitude 

and  wave  shape  of  the  thermal  fluctuation  appear  to  be 
important  factors  in  oxide  growth.  As  in  the  case  of 
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Figure  94:  Photomicrograph  (a)  and  X-ray  diffraction 

pattern  (bj  of  the  external  surface  of  the 
scale  formed  on  a cylindrical  specimen  of 
curvature  2 cm- 1 oxidized  for  16  hours  at 
1000°C„  Environmental  conditions : test  8 

of  Table  8.  Magnification  500x  (a). 
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Figure  95:  Photomicrograph  of  the  external  surface  of 

the  scale  formed  on  a cylindrical  specimen 
of  curvature  2 cnT’l  oxidized  for  16  hours  at 
1000°C.  Environmental  conditions:  test  5 

of  Table  8.  Magnification  500x. 
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tests  2 and  3,  tests  9 and  10  indicate  that  the  thermal  fluct- 
uations on  the  order  of  + 1 1/2°C  do  not  alter  the  scaling 
behavior  appreciably.  Also,  comparison  of  tests  10  and  11 
shows  that  where  the  thermal  fluctuation  reaches  an  amplitude 
of  approximately  3 l/4°C,  changes  in  oxide  microstructure 
and  scale  thickness  are  observed.  In  this  case,  however,  the 
changes  are  more  drastic  than  those  previously  encountered 
and  a portion  of  the  resulting  change  should  probably  be 
attributed  to  the  type-1  saw-tooth  thermal  wave  (rise  time 
4 1/2  minutes,  decay  time  1 minute)  associated  with  test  11. 
The  change  in  oxide  microstructure  resulting  from  the  differ- 
ences in  the  time-temperature  profiles  of  tests  10  and  11  may 
be  seen  by  comparing  the  photomicrographs  of  Figure  96. 

More  convincing  evidence  that  the  amplitude  of  the 
thermal  wave  alone  does  not  govern  the  scaling  behavior  is 
found  in  comparison  of  tests  10  and  12  wherein  only  the  shape 
of  the  thermal  wave  is  changed.  The  type-2  sawtooth  wave 
associated  with  test  12  (rise  time  2 1/2  minutes,  ddcay  time 
6 1/2  minutes)  produces  both  a thicker  scale  than  either  test 
10  or  11  and  the  unusual  microstructure  shown  in  Figure  97. 

8)  Tests  11  and  13:  Oxidation  in  stagnant  air  is 

again  found  to  reduce  the  scale  thickness  as  was  the  case 
in  tests  6 and  7.  Little  change  in  the  oxide  micro- 
structure was  noted  with  this  change  in  stagnation.  The 
conditions  of  test  13  are  identical  to  those  used  with 
the  vertical  furnace  during  preliminary  oxidation  studies. 


171 


Figure  96:  Photomicrographs  of  the  external  surface  of 

scales  formed  on  cylindrical  specimens  of 
curvature  2 cm”l  oxidized  for  16  hours  at 
1000°C.  Environmental  conditions:  test  10  (a) 

and  test  11  (b)  of  Table  8.  Magnification  500x. 
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Figure  97:  Photomicrograph  of  the  external  surface  of  the 

scale  formed  cn  a cylindrical  specimen  of  curva- 
ture 2 cm~l  oxidized  for  16  hours  at  1000°C. 
Environmental  conditions:  test  12  of  Table  8. 

Magnification  500x. 
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3. 8 Oxidation-Creep  Experiments 

Three  cylindrical  creep  specimens  having  nearly 
equal  curvatures  in  their  gage  sections  were  simultaneously 
loaded  axially  in  tension  and  oxidized  in  air  for  64  hours 
at  900°C.  The  stress  levels  employed,  based  on  the  original 
specimen  cross  sections  and  the  magnitude  of  the  constant 
applied  load,  were  varied  from  approximately  400  to  1600 
psi.  The  thicknesses  of  scales  developed  on  the  gage 
sections  of  these  specimens,  together  with  that  for  an 
unstressed  specimen,  are  presented  in  Table  9. 


TABLE  9 

SCALE  THICKNESSES  DEVELOPED  ON  OXIDATION-CREEP  SPECIMENS 


Specimen  Curvature 
( cm"1 ) 

Applied  Stress 
(psi) 

Scale  Thickness 
(microns ) 

4.36 

0 

27.8  + 3.2 

4.24 

412 

27.3  + 1.5 

4.23 

1020 

27.7  + 0.9 

4.25 

1576 

* 

♦Specimen  failed  before  completion  of  test. 

These  results  indicate  that  the  average  thickness 


of  the  scale  is  unaffected  by  variations  in  tensile  stress 
over  the  range  investigated,  while  the  roughness  of  the 
scale  apparently  decreases  with  increasing  stress.  The 
range  of  stress  investigated  is,  of  course,  limited  by  the 


174 


ability  of  the  specimen  to  resist  deformation  leading  to 
failure.  The  maximum  average  strain  rate  encountered  for 
those  specimens  which  did  not  fracture  was  found  to  be 
approximately  4.4  x 10— ^ in/in/min. 

3.9  Elevated-temperature  Creep  Studies 

Specimens  of  nickel  and  hot  pressed  nickel  oxide 
powder  were  tested  in  compression  at  1000°C  using  the 
apparatus  shown  in  Figure  3.  The  deformation  of  these 
specimens  as  a function  of  time  at  constant  stress  is  pre- 
sented in  the  graphs  of  Figures  98  through  103.  Stresses 
quoted  for  the  oxide  specimen  are  larger  by  a factor  of 
1.25  than  those  calculated  on  the  basis  of  dimensional 
measurements  and  applied  load.  This  correction  was  employed 
in  order  to  account  for  the  fact  that  the  oxide  specimen 
was  hot  pressed  to  a density  of  80  per  cent  of  its 
theoretical  maximum.  The  curves  for  the  metal.  Figures 
98  through  100,  exhibit  typical  first  and  second  stage  creep 
behavior.  The  curves  for  the  oxide  show,  in  addition  to 
these  features,  discontinuties  which  may  be  associated 
with  recrystallization  phenomena.  This  is  especially 
apparent  in  the  curve  of  Figure  102  for  an  effective  stress 
of  1450  psi.  The  curve  shape, in  this  case,  was  found  to 
be  qualitatively  reproducible  . 


175 


vO 

CM  00 

* o 

vC 

CM 

CM  rl 

•H  r—\ 

c 

c_0T  x saqouf 

‘uoj^euurojea 

TBTXV 

o 

CM 

o’ 


0 20  40  60  80  100  120  140  160  180  200 

Elapsed  time,  minutes 

Figure  98:  Axial  deformation  as  a function  of  time  for  a specimen  of  Nickel- 

270  tested  in  compression  at  1000°C.  Stress  level  754  psi. 
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Figure  100:  Axial  deformation  as  a function  of  time  for  a specimen  of  Nickel- 

270  tested  in  compression  at  1000°C.  Stress  level  1976  psi. 
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Figure  101:  Axial  deformation  as  a function  of  time  for  a specimen  of  hot- 

pressed  nickel  oxide  tested  in  compression  at  1000°C.  Effective 
stress  level  765  psi. 
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Figure  103:  Axial  deformation  as  a function  of  time  for  a specimen  of  hot- 

pressed  nickel  oxide  tested  in  compression  at  1000°C.  Effective 
stress  level  2060  psi. 
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The  second  stage  creep  rate  was  determined  for 
each  of  the  tests  illustrated  by  determining  the  slope 
of  the  final  portion  of  each  graph,  and  dividing  it  by 
the  appropriate  gage  length.  Figure  104  illustrates  that 
the  logarithm  of  the  second  stage  creep  rate  is  proportional 
to  the  applied  stress  for  both  of  these  materials.  Further, 
it  is  seen  that,  for  a given  stress,  the  metal  deforms 
more  readily  than  does  the  oxide.  The  data  from  which 
Figures  98  through  104  were  drawn  are  presented  in  Tables 
28  through  33  of  Appendix  1. 


Second  Stage  Creep  Rate,  in/in/min 


Figure  104:  Second  stage  creep  rate  as  a function 

of  axial  compressive  stress  for  nickel 
and  nickel  oxide  specimens  tested  at 
1000°C. 


CHAPTER  IV 
DISCUSSION 

The  results  of  this  investigation  indicated  that 
the  scaling  behavior  of  nickel  at  elevated  temperatures 
is  dependent  upon  specimen  size  and  shape  and  that  de- 
formation may  in  some  cases  occur  as  a result  of  the 
scaling  process.  A rather  extensive  search  of  the  avail- 
able literature  has  indicated  that  these  effects  are  little 
known  and,  as  a consequence,  are  without  basis  insofar  as 
the  present  state  of  the  science  of  oxidation  is  concerned. 
It  is  desirable,  therefore,  to  postulate  a single  mechanism 
which  will  account  for  the  apparently  anomalous  observed 
behavior  and  at  the  same  time  retain  the  classical  frame- 
work of  oxidation  theory.  In  the  sections  which  follow  an 
attempt  is  made  to  first  develop  such  a mechanism  and  then 
interpret  the  results  of  this  investigation  in  terms  of  it. 

4 . 1 Nature  of  the  Scale  Formed  on  Nickel 

The  oxidizing  atmospheres  employed  in  this  study 
were  basically  either  oxygen  or  air  with  very  small  quan- 
tities of  carbon-,  hydrogen-,  and  sulfur-bearing  gases 
quite  possibly  present  as  contaminants.  Under  strong  oxi- 
dizing conditions  one  would  not  expect  these  contaminants 
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to  form  stable  compounds  with  the  nickel  metal  since  they 
have  a greater  affinity  for  oxygen  (40).  The  nitrogen 
present,  either  in  air  or  as  a contaminant  in  the  oxygen, 
is  also  incapable  of  stable  compound  formation  with  the 
metal  in  this  type  of  environment  (£1).  Thus  nickel  oxides 
appear  to  be  the  only  stable  condensed  phases  which  form 
as  a result  of  oxidation  in  air  or  oxygen. 

At  relatively  low  temperatures,  thin  films  of 
nickel  oxide  have  been  found  to  assume  a nickel-deficient 
spinel  structure  (42)  and  under  conditions  of  high  vacuum, 
suboxides  of  nickel  have  recently  been  observed  (43,  44) . 
However, ,the  oxidation  product  normally  found  on  oxidized 
nickel  is  NiO  with  a NaCl-type  crystal  structure.  There  is 
to  the  author's  knowledge, no  record  of  any  oxide  other  than 
NiO  forming  on  nickel  as  a result  of  extended  oxidation. 
Limited  X-ray  examination  of  some  of  the  specimens  used  in 
the  subject  research  support  this  view.  There  is,  however, 
a possiblity  that,  under  certain  conditions,  the  oxide  formed 
is  actually  a very  dilute  solid  solution  incorporating 
impurity  elements  within  the  nickel  oxide  lattice. 

4.11  Transport  of  Matter  Through  the  Scale 

Nickel  oxide  is  a classical  p-type  semiconductor 
and  in  the  presence  of  oxygen  at  elevated  temperature 
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exists  in  a non-stoichiometric  form  which  is  slightly 
deficient  in  nickel  (45,  46,  47).  The  majority  of  studies 
concerning  the  bulk  material  and  that  formed  on  nickel  by 
oxidation  indicate  that  transport  of  matter  through  the 
oxide  involves  the  interchange  of  nickel  ions  and  nickel 
ion  vacancies,  while,  to  the  limits  of  observation,  oxygen 
appears  to  be  immobile  within  nickel  oxide  crystals.  In- 
vestigators who  have  assumed  this  scheme  of  transport 
have  been  able  to  account  for: 

1)  The  position  of  "inert”  markers,  originally 
placed  on  or  near  the  metal  surface,  which  were  located 
near  their  original  position  subsequent  to  oxidation  (48) . 

2)  The  effect  of  monovalent  and  polyvalent  im- 
purities on  the  scaling  rate  (49) . 

3)  The  effect  of  monovalent  and  polyvalent  im- 
purities on  the  electrical  conductivity  of  nickel  oxide 
(45,  49,  50). 

4)  The  oxygen  pressure  dependence  of  the  scaling 
rate  (22,  51 ) . 

5)  The  magnitude  of  the  scaling  rate  constant  as 
calculated  on  the  basis  of  transition-state  theory  (7,  50). 

Evidence  to  the  contrary  has  been  claimed  by  other 
investigators  who  observed  two  distinct  layers  of  oxide  which 
appear  to  form  with  the  interface  between  them  at  the  site 
of  the  original  gas-metal  interface  indicating  inward 
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diffusion  of  oxygen  (9,  53,  54 , 55 ) . This  effect  has  been 
rationalized  both  on  the  basis  that  it  arises  as  a result 
of  impurities  present  in  the  nickel  (48)  and  that  it  is 
a natural  consequence  of  extended  outward  diffusion  of 
nickel  (56).  The  former  explanation  implies  some  third 
element  plays  an  active  role  in  the  scaling  process  which 
may  involve  the  production  of  a second  oxide  phase.  The 
latter  is  based  on  the  concept  that  new  oxide  is  created 

I 

at  void  sites  on  the  interface  by  dissociation  of  the 
pre-existing  scale. 

Although,  to  the  limits  of  detection  oxygen  is 
immobile  in  bulk  crystals  of  nickel  oxide,  experimental 
evidence  exists  which  indicates  that  oxygen  may  diffuse 
through  the  grain  boundaries  of  nickel  oxide  (45).  It  is 
believed,  however,  that  the  presence  of  oxygen  in  these 
boundaries  cannot,  in  itself,  lead  to  a general  thickening 
of  the  scale  because  of  the  large  energy  barrier  associated 
with  the  formation  of  new  oxide  at  the  metal-oxide  inter- 
face. The  consensus  to  date  is  that  nickel  oxide  forms 
during  oxidation  almost  exclusively  by  transport  of  nickel 
through  the  scale. 

An  entirely  equivalent  description  of  the  transport 
process  may  be  stated  in  terms  of  the  motion  of  nickel  ion 
vacancies  which,  of  course,  must  diffuse  in  the  opposite 
direction.  It  will  prove  convenient  to  consider  the  oxi- 
dation process  from  both  points  of  view. 
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4 . 2 Consequence  of  Unidirectional  Transport 

Consider  a metallic  specimen  whose  entire  surface 
is  at  constant  temperature  and  is  in  contact  with  an  oxi- 
dizing gas.  The  oxidation  process  may  be  represented  in 
simplified  form  by  the  following  equations  (52) . 

1)  Oxygen  adsorption  on  the  outer  surface  of  the 

oxide: 


2 + 


(2) 


wherein  the  underscored  quantities  represent  those  in 
solution. 


2)  Formation  of  oxide 

0 = + mil  ->*  NiO  + 

NiO  NiO 


at  the  gas-oxide 
a 

NiO 


interface 


(3) 


wherein  the  symbol  ( n ) is  employed  to  represent  a cation 
vacancy. 

3)  Solution  of  nickel  at  the  metal-oxide  interface: 


□ 


NiO 


+ Ni 


Ni**  + 2e~  , a 

NiO  NiO  — i 


The  summation  of  these  reactions  gives: 
Ni  + 1/2  02  -**NiO  + — Ni 


(4) 


(5) 
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The  diffusion  process,  involving  transport  of 
nickel  across  the  oxide,  is  determined  by  the  concentration 
(activity)  gradient  of  nickel  in  the  oxide  which,  in  turn, 
is  the  ’’mirror  image"  of  the  vacancy  concentration  gradient. 
Since  the  rate  of  oxidation  is  generally  believed  to  be 
determined  by  the  diffusion  of  nickel  ion  vacancies  through 
the  scale,  most  investigations  of  the  scaling  process  have 
been  concerned  with  the  generation  and  motion  of  the  nickel 
ion  vacancy  in  the  oxide.  However,  equation  5 shows  that 
for  each  molecule  of  nickel  oxide  formed,  one  vacancy  is 
generated  in  the  nickel  substrate  near  the  metal-oxide 
interface.  The  effect  of  vacancies  so  positioned  have 
received  little  consideration  in  the  classical  description 
of  the  oxidation  process  thus  far,  and  it  is  their  role 
which  will  now  be  discussed. 

The  major  problems  associated  with  the  vacancies 

I 

so  formed  in  the  metal  are  to  determine  first,  how  they  are 
partitioned,  and  second  what  the  effects  of  specific  modes 
of  partitioning  would  produce.  Equation  5 indicates  that 
the  volume  occupied  by  vacancies  is  significant,  and  to  a 
first  approximation,  is  equal  to  60  per  cent  of  the  volume 
occupied  by  the  scale  (since  the  Pilling-Bedworth  ratio 
for  the  system  nickel -nickel  oxide  is  about  1.66). 

Possible  limiting  modes  of  partitioning  include  positioning 
the  vacancies:  within  the  metal,  at  the  metal-oxide  inter- 
face, within  the  scale,  and  at  the  gas-oxide  interface. 
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The  latter  two  choices  appear  to  be  untenable  in 
view  of  the  fact  that  they  require  vacancies  to  diffuse  in 
a direction  opposite  that  normally  associated  with  the 
vacancy  gradient  in  the  scale;  i.e.,  "uphill"  diffusion  is 
required.  In  addition,  the  first  of  these  implies  that  the 
oxide  forms  as  a porous  body  (with  a maximum  of  60  per  cent 
void  space),  which  is  not  observed.  The  second  process, 
applied  in  a limiting  sense,  would  destroy  all  of  the 
oxide  which  had  formed  by  removing  nickel  ions  from  their 
sites  in  the  oxide  surface.  It  therefore  appears  that  the 
vacancies  found  within  the  metal  must  either  remain  in  the 
bulk  or  collect  at  the  metal-oxide  interface. 

The  first  of  these  choices  may,  in  turn,  be  sub- 

t 

divided  into  two  limiting  possibilities:  either  void 

formation  by  coalesence  of  vacancies  or  production  of  a 
"smeared"  distribution  of  vacancies  throughout  the  bulk  of 
the  material.  Although  void  formation  has  been  observed 
in  the  case  of  alloy  oxidation,  the  existence  of  voids 
within  oxidized  pure  metals  is  not  generally  found  (57) . 

In  the  case  of  nickel,  this  has  never  been  observed  to  the 
author's  knowledge.  The  existence  of  a "smeared"  vacancy 
distribution  and  an  associated  hydrostatic  stress  has  been 
postulated  in  the  case  of  the  oxidation  of  copper  as  one 
step  in  explaining  certain  deformation  behavior;  however, 
so  far  as  is  known  there  has  been  no  direct  determination 
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of  the  existence  of  such  a distribution  arising  as  a result 
of  oxidation  (JO).  In  addition,  density  measurements  made 
on  the  underlying  metal  of  specimens  oxidized  in  the  course 
of  this  research  showed  that  the  theoretical  density  was 
maintained  within  + 0.2  per  cent  indicating,  along  with 
metallographic  evidence,  that  the  metal  did  not  contain 
the  necessary  bulk  concentration  of  vacancies  to  account 
for  those  produced  during  oxidation.  These  considerations 
lead  one  to  conclude  that  at  least  a major  fraction  of  the 
vacancies  produced  in  the  metal,  as  a result  of  outward 
diffusion  of  nickel,  must  reside  near  the  metal-oxide  inter 
face  unless  they  are  removed  from  this  position  by  some 
mechanism  other  than  diffusion. 

Some  clarification  of  the  consequences  of  vacancy 
precipitation  at  the  metal-oxide  interface  may  be  gained 
from  studies  other  investigators  have  made  on  unalloyed 
iron  (57,  58).  Iron,  unlike  nickel,  may  exhibit  as  many 
as  three  stable  oxides  when  exposed  to  the  proper  environ- 
mental conditions.  In  such  cases,  the  sequence  of  con- 
densed phases  observed  on  an  oxidized  specimen  is:  Fe, 

FeO,  Fe3C>4  and  Fe2C>3.  Under  other  oxidizing  conditions 
it  is  possible  to  produce  only  FeO,  a metal-deficient 
p-type  semiconductor  which  is  a homolog  of  NiO  (49). 

Iron  specimens,  oxidized  to  completion  under  conditions 
wherein  all  three  oxides  form,  tend  to  be  hollow  and  show 
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evidence  of  loss  of  contact  between  metal  and  oxide  at  their 
interface,  whereas  those  specimens  oxidized  under  conditions 
such  that  FeO  forms  alone  tend  to  be  solid.  It  is  believed 
that  these  apparently  contradictory  results  are  due  to  the 
effect  of  the  higher  oxides  of  iron  producing  a rigid  "cage" 
of  oxide  in  the  former  case  while  their  absence  in  the 
latter  case  allowed  the  more  plastic  FeO  to  follow  the 
retreating  metal  (58). 

In  the  case  of  nickel,  the  behavior  of  NiO  would 
be  expected  to  parallel  that  of  FeO.  Cursory  examination 
of  a thin  sheet  of  nickel  which  was  oxidized  to  completion 
revealed  that  it  did,  in  fact,  exhibit  this  behavior  and, 
in  general,  it  was  shown  that  the  oxidation  process  was  not 
halted  by  loss  of  contact  at  the  metal-oxide  interface. 

Thus,  it  appears  at  first  that  the  void  space  generated  in 
the  metal  by  oxidation  may  be  eliminated  by  the  oxide  uni- 
formly following  the  retreating  metal.  There  are,  however, 
certain  restrictions  associated  with  such  a concept.  Speci- 
mens normally  used  in  oxidation  studies,  such  as  those  of 
this  research,  are  oxidized  on  all  surfaces  so  that  inward 
motion  of  the  oxide  is  restricted  by  neighboring  segments 
of  oxide.  Further,  motion  of  the  oxide  implies  that  the 
void  space,  generated  within  the  metal,  is  in  some  manner 
passed  through  the  oxide  layer  to  the  outermost  surface  of 
the  specimen.  These  considerations  indicate  that  uni- 
directional diffusion  through  the  scale  layer  should  result 
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in  stress  generation  and  subsequent  deformation  of  oxide 
specimens . 

I 

It  is  postulated  that  the  observed  collapse  of 
the  scale  upon  its  retreating  substrate  is  due  to  the 
effects  of  forces  arising  from  the  surface  energy  of  voids 
or  vacancies  produced  at  the  metal-oxide  interface.  Since 
phases  do  not  generally  separate  at  their  interface  per  se, 
but  rather  in  a region  adjacent  to  it,  the  apparent  adhesion 
between  metal  and  oxide  so  generated  might  be  more  properly 
stated  in  terms  of  the  cohesion  of  the  weaker  phase. 
Fxperimental  evidence  indicates  that  when  separation  occurs 
it  does  so  within  the  scale  layer  at  distances  from  the 
interface  which  are  usually  less  than  one  micron. 

The  presence  of  voids  or  vacancies  at  the  metal- 
oxide  interface  could  produce  the  forces  necessary  for 
collapsing  the  oxide  inward  provided  that  the  surface 
energies  associated  with  the  metal  and  oxide  surrounding 
such  a discontinuity  were  in  excess  of  that  associated 
with  the  void-free  metal-oxide  interface.  The  precise 
mechansim  associated  with  the  inward  collapse  of  oxide  is 
not  known;  but  it  appears  that  it  would  be  at  least 
partially  dependent  upon  the  (unknown)  structure  of  the 
metal-oxide  interface. 

It  has  been  suggested  that  scale-to-metal  contact 
may  be  maintained  by  the  motion  of  a step  of  atomic  dimen- 
sions moving  along  the  metal  surface  beneath  the  oxide  layer 
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(11) . As  long  as  there  is  no  geometric  constraint 
associated  with  the  inward  motion  of  the  scale,  it  is 
feasible  that  this  process  could  supply  the  necessary 
continuity  between  scale  and  metal  without  generating 
major  stresses  in  the  scale.  Such  a process  could  apply 
near  the  central  positions  of  large,  flat  specimens. 

However,  if  the  specimen  possesses  curvature,  then  the 
scale  must  subsequently  deform  plastically  in  order  to 

i 

maintain  intimate  contact  between  metal  and  oxide. 

In  order  that  such  plastic  flow  might  occur  in 
the  oxide,  it  seems  reasonable  to  postulate  that  there 
must  be  some  degree  of  pre-alignment  of  vacancies  at  the 
interface  prior  to  plastic  deformation  as  essentially 
suggested  above.  If  this  were  the  case,  then  deformation 
could  proceed  by  a stepwise-continuous  process  of  generation, 
motion  and  anihilation  of  this  alignment  at  the  interface 
in  which  the  void  space  is  passed  to  the  external  surface 
of  the  specimen  by  means  of  shears  through  the  scale  layer, 

4 . 3 Consideration  Pertaining  to  the  Existence  of  Stresses 
in  Scales 

The  necessity  for  an  inward  collapse  of  the  oxide 
layer  results  in  an  immediate  classification  of  specimens 
on  the  basis  of  their  geometry.  The  scales  formed  on  speci- 
mens of  finite  curvature  may  support  hoop  stresses  while 
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those  developed  on  flat  specimens  probably  cannot.  Flat 
iron  specimens,  when  oxidized  under  conditions  such  that 
the  higher  oxides  form,  exhibit  a "pulling-away"  of  the 
scale  in  the  immediate  neighborhood  of  edges  and  corners 
( 31 . 59) . Thus,  it  appears  that  the  long-range  normal 
stress  due  to  the  oxide  layer  following  the  retreating 
metal-oxide  interface  may  be  assumed  to  be  zero  in  the 
central  zone  of  a large,  flat  specimen  while  it  is  non- 
zero in  the  case  of  those  specimens  exhibiting  either 
constant  or  smoothly  changing  curvatures.  A method  for 
calculating  the  elastic  component  of  the  stresses  arising 
from  this  source  has  been  developed  for  the  case  of 
cylindrical  specimens  and  is  presented  in  Appendix  2. 

The  results  of  the  calculations  based  on  this 
Appendix  indicate  that  the  dominant  stresses  in  the  scale 
will  be  a large  hoop  compression  and  a radial  tension  which 
cause  an  overall  axial  contraction  of  the  specimen.  Calcu- 
lated values  of  stress  are  dependent  upon  the  ratio  of 
scale  thickness  developed  to  original  specimen  radius  which 
is  equivalent  to  the  product  of  scale  thickness  and  specimen 
curvature.  Higher  stresses  and  large  axial  contractions 
are  predicted  as  a result  of  increases  in  either  scale 
thickness  or  specimen  curvature. 
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4.31  The  Concept  of  a Grain  Boundary  Pressure 

The  observed  length  changes  for  both  flat  and 
cylindrical  specimens  indicate  that  stresses  in  the  scale 
layer  are  of  sufficient  magnitude  to  cause  deformation  of 
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the  entire  specimen.  However,  the  observed  deformations 
infer  that  stresses  must  arise  from  sources  other  than 
those  associated  with  the  motion  of  the  scale  layer  as  a 
whole  normal  to  the  metal-oxide  interface.  In  the  case 
of  flat  specimens,  the  observed  bulk  extensions  should 
not  have  occurred  if  the  stress  effects  associated  with 
corners  and  edges  were  truly  short-range  in  character 
as  indicated  above.  In  addition,  calculations  for  cylin- 
drical specimens,  based  on  the  development  of  Appendix  2, 
indicate  axial  contraction  should  occur  in  opposition  to 
the  generally  observed  extension.  Although  the  model  used 
in  these  calculations  is  based  on  elastic  properties,  it 
should  have  predicted  the  direction  of  the  observed  plastic 
deformation  if  all  stresses  were  properly  taken  into 
account.  In  order  to  provide  a basis  for  the  observed 
extension  of  both  flat  and  cylindrical  specimens  the 
existence  of  a lateral  compressive  stress  within  the 
scale  is  postulated.* 


*The  stress  envisioned  acts  within  the  scale  and 
parallel  to  the  plane  of  the  scale.  In  this  sense,  it  may 
be  considered  as  a "two-dimensional  hydrostatic  pressure." 
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In  the  oxidation  of  nickel,  a two-dimensional 
layer  of  oxide  is  formed  on  a surface  which  is  normal  to 
the  diffusion  "streams"  of  oxygen  and  nickel  and  its 
orientation  and  position  is  fixed  basically  by  the  concen- 
tration product  of  nickel  and  oxygen.  For  metals,  such  as 
nickel,  which  oxidize  by  a metal-ion  transport  mechanism, 
this  surface  is  usually  considered  to  be  at  or  near  the 
gas-oxide  interface  and  parallel  to  it;  but,  oxide 
deposition  at  such  a surface  could  not  produce  the  required 
lateral  compressive  stress.  If,  on  the  other  hand,  a small 
quantity  of  new  oxide  were  formed  on  the  boundaries  of  pre- 
existing columnar  grains,  such  as  those  shown  in  Figure  55, 
then  a lateral  compressive  stress  would  arise.  This  process 
would  require  that  oxygen  and  nickel  approach  the  two- 
dimensional  grain  boundary  system  normally  and  form  oxide 
thereon. 

It  is  proposed,  therefore,  that  oxide  growth  occurs 
in  a manner  similar  to  that  shown  schematically  in  Figure 
105;  the  major  portion  of  the  scale  being  formed  by  diffusion 
of  nickel  to  the  region  of  the  metal-oxide  interface,  while 
some  lesser  amount  is  formed  by  diffusion  of  nickel  through 
the  oxide  crystals  toward  the  grain  boundary  region.  There 
it  unites  with  oxygen  to  form  oxide  "wedges,"  providing  a 
"grain  boundary  pressure,"  which  in  a columnar  grain 
structure  appears  as  a lateral  compression.  It  must  be 
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Nickel  Path 
Oxygen  Path 


Figure  105:  Schematic  diagram  of  the  proposed  diffusion 

paths  of  nickel  and  oxygen  prevailing  during 
the  formation  of  nickel  oxide. 
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emphasized  that  the  postulated  process  demands  either  that, 
in  the  main,  oxygen  alone  be  mobile  in  the  bulk  of  the  grains, 
or  the  converse.  The  former  condition  is  believed  to  be  the 

me 

applicable  one.  Violation  of  this  condition  would  lead  to 
the  formation  of  oxide  on  surfaces  parallel  to  the  scale 
interfaces  which  could  in  no  way  produce  the  requisite 
pressure . 

The  origin  of  lateral  compressive  stresses  in 
scales  formed  by  outward  diffusion  of  the  metal  ion  has  not 
yet  been  subjected  to  intensive  investigation;  however, 
effects  attributed  to  the  existence  of  such  stresses  have 
been  observed  in  the  oxidation  of  both  nickel  and  other 
metals  (l_,  60,  61).  The  formation  of  nickel  oxide  within 
crystals  of  the  pre-existing  scale  seems  highly  unlikely 
in  view  of  the  accepted  defect  structure  of  the  oxide. 
Assuming  that  oxygen  could  in  some  manner  enter  the  oxide 
lattice,  it  then  becomes  difficult  to  envision  the 
sequence  of  events  necessary  for  chemical  combination  and 
growth  of  new  oxide  within  the  old.  Further,  this  process 
would  most  probably  provide  oxide  at  a surface  parallel  to 
the  scale  interfaces  and  would  therefore  be  incapable  of 
giving  rise  to  the  requisite  lateral  stress.  It  therefore 
appears  more  likely  that  the  compressive  stress  must  result 
from  oxide  growth  on  pre-existing  oxide  grain  boundaries 
by  addition  of  material  at  the  oxide  lattice  sites. 
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The  existence  of  a grain  boundary  pressure  is 
analogous  to  the  concept  of  crystal  pressure  which  was 
studied  most  intensively  in  the  early  part  of  this  century 
(62,  63).  This  concept  contains  the  implicit  assumption 
that  two  crystals  growing  together  do  not  cease  growing 
upon  contact;  but  rather,  continue  to  grow  toward  one 
another  until  some  limiting  pressure  is  attained.  This  is 
not  a particularly  untenable  position  since  we  feel  in- 
tuitively that  adjacent  crystals  of  oxide  growing  on  a 
metallic  surface  do  meet.  Further,  it  could  only  be  an 
ad  hoc  assumption  that  they  meet  in  such  manner  as  to  be 
stress  free;  i.e.,  the  true  choice  seems  only  to  be 
whether  the  crystals  meet  with  zero  or  finite  pressure. 

As  in  the  present  case,  such  pressures  appear  to  be 
associated  with  the  creation  of  a new  phase  from  some 
pre-existing  one.  The  forces  which  arise  may,  in  both 
cases,  be  thought  of  as  resulting  from  the  effects  of 
capillarity  with  new  materials  being  added  at  crystal 
interf  aces . 

There  are  three  primary  requirements  necessary  to 
any  mechanism  proposed  for  this  mode  of  oxide  formation: 

1)  Transport  of  oxygen  to  the  reaction  site. 

2)  Transport  of  nickel  to  the  reaction  site. 

3)  Existence  of  oxide  surfaces  upon  which  growth 
may  take  place. 
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Experimental  evidence  that  oxygen  is  capable  of  penetrating 
boundary  region  of  nickel  oxide  exists  (45).  Since  the 
oxygen  concentration  in  the  scale  is  highest  at  the  gas- 
oxide  interface  and  lowest  at  the  metal-oxide  interface, 
it  seems  reasonable  that  grain  boundary  diffusion  of  oxygen 
may  be  capable  of  fulfilling  the  first  requirement.  Two 
modes  seem  to  be  available  for  the  transport  of  nickel  to 
the  reaction  site:  grain  boundary  diffusion  and  bulk 

diffusion  through  the  oxide.  The  latter  process  appears 
to  be  more  favorable  both  on  the  basis  of  geometric  con- 
siderations and  the  fact  that  it  alone  can  produce  the 
requisite  pressurizing  effects. 

Although  the  structure  of  the  grain,  boundary  is 
not  known  in  detail,  it  is  assumed  that  sites  for  oxide 
formation  are  available  in  the  form  of  facets  or  similar 
discontinuties  at  the  grain  boundaries.  In  any  event, 
formation  of  new  oxide  appears  to  be  more  probable  at  the 
boundaries  than  within  the  grains. 

In  summary,  it  has  been  postulated  that  during 
the  course  of  oxidation  some  oxide  forms  at  pre-existing 
oxide  grain  boundaries,  by  means  of  lateral  diffusion, 
and  thus  gives  rise  to  a lateral  compressive  stress  in  the 
oxide  layer.  The  magnitude  of  this  stress,  calculated 
from  the  elongation  of  flat  specimens  and  compressive  creep 
data,  by  the  method  of  Appendix  3,  is  found  to  be  of  the 
order  of  1500  psi,  at  1000°C.  Calculations  based  on 
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microstructural  evidence  and  elongation  data  indicate  that 
the  average  thickness  of  material  deposited  in  this  manner 
is  of  the  order  of  thirty  lattice  parameters  of  the  oxide 
per  grain  boundary,  in  16  hours  at  1000°C. 

4.32  Plastic  Deformation  of  the  Scale 

The  applicability  of  an  elastic  model  for  the 
description  of  stresses  and  strains  which  occur  during  the 
oxidation  process  is  necessarily  limited.  A primary  con- 
sideration is  the  fact  that  there  is  no  clear  definition 
of  the  terms  "elastic  limit"  or  "yield  stress"  for  a 
material  subjected  to  loading  at  relatively  high  temperatures. 
In  the  vicinity  of  1000°C,  which  is  in  excess  of  one-half 
of  the  Kelvin  melting  temperature  for  both  nickel  and  nickel 
oxide,  these  terms  necessarily  carry  with  them  the  connotation 
of  the  short-time  measurement.  Further,  although  the  metallic 
surface  appears  smooth  upon  metallographic  inspection,  it 
must  in  fact  contain  small-scale  discontinuities.  Thus,  the 
oxidation  process  must  proceed  to  such  an  extent  that  a 
coherent  oxide  film  is  formed  whose  thickness  is  large  com- 
pared to  the  size  of  existing  surface  discontinut ies  before 
the  elastic  stress  model  may  be  utilized.  In  practice,  this 
state  of  the  process  is  reached  within  the  first  few  minutes 
of  oxidation  at  1000°C. 

An  elastic  analysis  may  be  applied  subsequent  to 
the  attainment  of  these  conditions,  but  only  until  such 
time  as  the  onset  of  plastic  deformation  occurs.  Calculations 
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based  on  short-time  mechanical  behavior  indicate  that  this 
occurs,  for  the  scales  formed  on  cylindrical  specimens, 
very  early  in  the  oxidation  process.  In  addition,  the 
existence  of  the  lateral  stress  associated  with  grain  bound- 
ary pressure  is  large  enouqh  to  cause  early  plastic  deforma- 
tion of  scales  formed  on  both  flat  and  cylindrical  specimens. 
It,  therefore,  appears  that  any  stress-based  effects  must  be 
interpreted  in  terms  of  the  plastic  behavior  of  the  scale 
layers.  It  is  generally  conceded  that  plastic  deformation 
requires  the  presence  of  dislocations.  The  most  common 
dislocation  found  in  ionic  crystals  of  the  NaCl  structure 
is  the  < 1 10>  {110}  -type,  and  it  is  believed  that 

nickel  oxide  exhibits  these  (64). 

In  previous  sections  it  has  been  proposed  that 
stresses  arise  in  the  scale  due  to:  1)  the  oxide  following 

the  retreating  metal-oxide  interface  under  conditions  of 
geometric  constraint,  and  2)  the  existence  of  a pressure, 
or  compressive  stress,  at  the  oxide  grain  boundaries. 

Oxides  developed  on  flat  specimens  are  assumed  to  be,  for 
the  most  part,  subject  only  to  stresses  arising  from  the 
latter  source.  However,  both  sources  of  stress  must  be 
dealt  with  in  the  case  of  cylindrical  specimens. 

The  scale  formed  on  specimens  of  either  geometry 
must  necessarily  be  subjected  to  translation  which  allows 
contact  to  be  maintained  between  metal  and  oxide.  For  the 
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range  of  specimen  sizes  investigated  herein,  each  segment 
of  oxide  must  be  so  transported,  normal  to  the  specimen 
surface,  a distance  equal  to  approximately  60  per  cent  of 
the  scale  thickness.  Scales  formed  on  cylindrical  specimens 
must,  however,  have  associated  with  their  formation  addi- 
tional amounts  of  deformation.  These  arise  from  the  lateral 

I 

constraint  imposed  by  maintenance  of  scale-metal  contact. 

The  radial  rate  of  metal  consumption  imposed  by 
the  oxidation  process  per  se  fixes  the  magnitude  of  the 
lateral  compressive  stress  so  generated.  For  a diffusion 
controlled  process  these  stresses  are  highest  in  the  initial 
stages  of  oxidation  where  the  rate  of  "following"  is  greatest. 
At  a fixed  time  and  scale  thickness,  this  stress  increases 
with  increasing  specimen  curvature.  Its  magnitude  may  be 
calculated  from  the  strain  rate-stress  relation  if  the 
parabolic  scaling  rate  constant  is  known.  A more  detailed 
application  of  these  considerations  is  reserved  for  one  of 
the  following  sections. 

In  the  transposition  of  considerations  from  the 
elastic  to  the  plastic  case,  it  should  be  noted  that  radial 
plastic  deformation  of  hollow  cylinders  does  not  lead  to 
axial  deformation.  This  effect  has  been  demonstrated 
experimentally  for  the  case  of  thick-walled  steel  tubing  (65). 
Thus,  it  remains  necessary  to  postulate  the  existence  of  a 
grain  boundary  pressure  in  order  to  comply  with  the  observed 
axial  extension  of  specimens. 


204 


4 .4  Consideration  Pertaining  to  the  Structure  of  Scales 

To  this  point,  the  scale  layer  has  been  treated  as 
a homogeneous  body  with  the  exception  that  pressure  sources 
have  been  introduced  at  the  sites  of  grain  boundaries.  The 
purpose  of  this  section  is  to  delineate  the  consequences 
which  arise  as  a result  of  the  interaction  of  plastic 
deformation  with  the  details  of  the  structural  features 
of  the  scale.  The  effects  which  arise  from  such  inter- 

i 

actions  are  believed  to  be  of  major  importance  in  the 
mechanism  of  scale  formation. 

4.41  The  Grain  Boundary  Network  of  the  Scales 

The  processes  which  take  place  between  the  time 
of  oxygen  adsorption  on  the  metal  and  the  time  at  which 
the  first  detectable  oxide  is  formed  are  essentially  unknown. 
Observations  of  oxidizing  metals  at  low  magnification  indicate 
that  oxide  patches,  herein  termed  crystallites,  quickly  form 
and  merge  to  produce  the  initial  coherent  scale  (1.,  3).  This 
behavior  indicates  that  the  nucleation  process  involves  at 
least  one  high-energy  step  and  that  the  details  of  the  sur- 
face structure,  i.e.,  imperfection  and  impurities  thereon, 
may  play  a major  role  in  the  nucleation  process.  This 
lends  credence  to  the  concept  that  the  presence  of  oxygen 
in  the  grain  boundaries  of  the  scale  is  in  itself  not  a 
sufficient  condition  for  nucleation  of  oxide  at  the  metal- 

oxide  interface. 
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Subsequent  to  the  formation  of  stable  oxide 
crystallites  at  the  metal  surface,  lateral  growth  of  the 
oxide  is  assumed  to  ensue  until  the  crystallites  meet.  The 
remaining  "empty"  space  on  the  metal  surface  is  then  filled 
by  the  addition  of  material  to  the  pre-existing  growth  sites 
and  a "two-dimensional  moasic"  of  oxide  is  formed  which 
separates  the  oxidizing  gas  and  the  metal.  Similar  schemes 
for  the  formation  of  the  initial  oxide  layer  on  nickel  have 
been  advanced  by  others  (66,  67,  68).  After  this  layer  has 
thickened,  by  transport  of  nickel  through  the  oxide  to  the 
oxidant-oxide  interface,  it  may  be  considered  in  terms  of 
an  oxide  grain  boundary  network. 

If  this  network  is  considered  to  be  composed  of 
cylindrical  surfaces,  normal  to  the  metal  surface,  then  the 
structure  so  defined  contains: 

1)  Volumes,  representing  grains,  which  are  bounded 
by  the  metal-oxide  interface,  the  gas-oxide  interface,  and 
the  surfaces  of  neighboring  volumes. 

2)  Surfaces,  both  external  and  internal,  which 
bound  the  volume  occupied  by  the  grains. 

3)  Lines  of  intersection  of  three  oxide  grains, 
hereafter  referred  to  as  "triple  lines." 

4)  Points  of  intersection  of  the  triple  lines  with 
the  metal-oxide  and  gas-oxide  interfaces,  hereafter  referred 
to  as  "external  quadruple  points." 


206 


This  concept  of  the  grain  boundary  network  is 
oversimplified,  basically,  in  that  the  generators  of 
the  cylindrical  surfaces  involved  are  not  precisely  normal 
to  the  metallic  surface  due  to  the  fact  some  grains  are 
better  oriented  for  growth  than  their  neighbors.  As  a 
consequence,  certain  of  the  cylindrical  surfaces  intersect, 
which,  in  the  case  of  oxide  growth  leads  to  the  "cutting  off" 
of  some  of  the  grains  by  their  neighbors  and  introduces  the 
possibility  of  providing  the  scale  with  internal  quadruple 
points . 

The  distance  from  the  metal-oxide  interface  at 
which  internal  quadruple  points  are  first  formed  is  dependent 
upon  several  conditions.  If  it  is  assumed  that  the  first 
stable  oxide  grains  are  positioned  regularly  in  space,  but 
randomly  in  orientation,  with  respect  to  the  metallic  sub- 
strate, then  an  average  rate  (or  angle)  of  lateral  spreading 
may  be  defined  for  those  grains  of  favored  orientation.  The 
relative  preference  for  growth  will  determine  the  degree 
to  which  single  grains  may  grow  laterally.  In  the  case 
that  no  growth  preference  exists,  a purely  columnar 
structure  forms  on  a flat  specimen  and  the  internal  quad- 
ruple points  are  located  at  infinity;  i.e.,  they  do  not 
exist  within  the  scale  structure.  This  case  is  illustrated 
in  Figure  106a.  As  the  relative  degree  of  preference  be- 
tween crystals  of  various  orientation  becomes  more  accentua- 
ted, these  quadruple  points  approach  the  metal-oxide  interface 


207 


more  closely  and  may  become  located  within  the  scale  layer. 

A two-dimensional  schematic  representation  of  the  effect 
is  illustrated  in  Figure  106b.  Since  these  points  exist 
in  the  space  of  the  scale  they  are  rarely  encountered  and 
never  identifiable  in  single  cross  sections  of  the  real 
scales . 

The  lateral  dimension  of  the  stable  oxide  grains 
at  the  metal-oxide  interface  also  affects  the  location  of 
the  loci  of  quadruple  points.  Figures  106b  and  106c  show 
that  as  these  grains  become  larger,  the  internal  quadruple 
points  are  located  further  from  the  metal-oxide  interface. 
This  schematic  drawing  was  constructed  employing  the  same 
degree  of  growth  preference  as  that  used  in  Figure  106b. 

In  the  case  of  real  scales,  the  above  idealized 
description  is  slightly  altered;  however,  the  effects 
indicated  remain  qualitatively  unchanged.  The  major 
alterations  arise  from  differences  between  the  assumed 
and  the  true  distributions  of  initial  oxide  grain  size 
and  spacing.  Non-uniform  distributions  in  size  and  position 
resulting  from  non-uniform  oxide  nucleation  will  feet  the 
local  rate  (or  angle)  of  lateral  spreading  of  oxide  grains. 
This,  in  turn,  will  cause  variation  in  distance  between  the 
internal  quadruple  points  and  the  metal-oxide  interface  of 
the  scale.  Thus,  the  sharply  defined  loci  of  quadruple 
points,  illustrated  in  the  schematic  drawings,  become  the 
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Figure  106:  Schematic  representation  of  oxide  crystal 

growth;  no  favored  orientation,  (a);  some 
favored  orientation,  (b);  and  favored 
orientation  coupled  with  large  grain  size, 
(c) . 


209 


centerlines  of  "bands”  containing  quadruple  points  in 
the  real  structure. 


complicated  by  interaction  arising  between  grains  of 
preferred  orientation  and  their  neighbors  during  the 
growth  process.  As  the  initial  lateral  growth  proceeds, 
the  stable  grains  impinge,  and  those  of  favored  orienta- 
tion tend  to  cover  their  neighbors.  If  it  is  assumed  that 
the  grains  possessing  favored  orientation  must  derive  their 
supply  of  nickel  from  a diffusion  path  passing  directly 
from  the  growing  surface  to  the  metal=oxide  interface 
through  their  own  volume,  then  the  lateral  growth  will 
diminish  as  the  path  length  increases  because  there  is  no 
passage  of  nickel  across  the  oxide  grain  boundaries.  This 
causes  the  grains  of  preferred  orientation  to  take  on  a 
convex  form  near  their  bases  when  viewed  from  the  metal- 
oxide  Interface.  Since  an  oxide  grain  boundary  is  created 
between  the  covering  and  covered  grains,  the  lateral  growth 
of  preferred  grains  may  be  further  retarded  while  their 
normal  growth  is  accentuated  due  to  the  effect  of  grain 
boundary  pressure.  The  observed  paraboloid-like  grain 
shape,  noted  in  the  case  of  the  dominant  grains  of  certain 
scales,  is  thought  to  be  due  to  this  type  of  growth 
process.  Other  evidence  for  the  opacit  ^xide  grain 

boundaries  to  nickel  will  be  cited  late 


The  concept  of  lateral  spreading  is  further 
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Quadruple  points  are  generated  in  the  scale  when 
the  growth  process  has  continued  long  enough  to  allow  grains 
of  favored  orientation  to  cover  or  "cut-off"  their  neigh- 
bors. In  the  case  of  air  oxidation,  wherein  the  grains  at 
the  nretal-oxide  interface  are  relatively  small,  this  happens 
rather  early.  Specimens  oxidized  in  oxygen,  on  the  other 
hand  exhibit  much  larger  grains  at  this  interface  so  that 
very  few  grains  are  "cut-off."  However,  these  structures 
are  believed  to  be  different  in  degree  rather  than  kind. 

If  the  oxidation  process  were  extended  to  long  enough 
times,  it  is  believed  that  all  structures  would  exhibit 
internal  quadruple  points  generated  by  the  preferred  growth 
process,  since  barring  "perfect"  orientation,  some  grain-to- 
grain  growth  preference  must  always  exist. 

The  paraboloid-like  grain  shape,  in  this  case, 
becomes  rather  important  to  the  final  scale  structure.  The 
specirr.ens  examined  indicate  that  the  fraction  of  favorably 
oriented  grains  is  relatively  high;  thus,  quadruple  points 
are  essentially  generated  by  the  establishment  of  contact 
between  three  of  the  faster-growing  grains.  Since  the  degree 
of  lateral  spreading  is  small  at  the  time  such  contact  is 
made,  the  quadruple  points  do  not  form  until  an  appreciable 
amount  of  scale  is  developed.  The  angle  of  lateral  spreading, 
just  prior  to  this  event,  is  strongly  diminished  with  respect 
to  its  initial  value.  This  will  tend  to  accentuate  the  width 
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of  the  zone  of  quadruple  points  within  the  scale.  It  may  be 
noted  that  the  specimen  curvatures,  such  as  those  employed 
herein,  probably  cannot  measurably  alter  the  distance 
between  the  quadruple  points  and  the  metal-oxide  interface. 

4.42  Deformation-Induced  Alterations  of  the  Grain  Structure 

It  has  been  postulated  that  mechanical  deformation 
of  the  scale  accompanies  the  oxide  growth  process.  The 
shears  associated  with  this  deformation  are,  however,  not 
necessarily  constrained  solely  to  certain  crystallographic 
directions  within  the  oxide  grains  of  scale.  In  the  case  of 
polycrystalline  materials  subjected  to  plastic  deformation, 
a portion  of  the  deformation  may  pass  through  a region 
immediately  adjacent  to  the  grain  boundaries.  This  type  of 
deformation  has  been  associated  with  materials  which  are 
subjected  to  plastic  flow  at  temperatures  in  excess  of  their 
recovery  temperatures.  The  oxidation  temperatures  employed 
herein  are  believed  to  be  in  excess  of  the  recovery  temper- 
ature of  nickel  oxide  and  a portion  of  the  deformation  is 
believed  to  be  relegated  to  the  grain  boundary  regions.  The 
overall  process  involved,  termed  grain  boundary  shearing, 
has  been  discussed  by  others  (69). 

In  the  case  of  boundary  networks  which  contain  no 
internal  quadruple  points,  such  as  a purely  columnar 
structure,  the  major  effect  of  this  phenomenon  is  simply  to 
produce  a surface  step  in  the  oxide  structure.  If  scales 
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do,  however,  contain  internal  quadruple  points,  then  grain 
boundary  shearing  may  promote  mechanical  defects  within  the 
scale.  Under  conditions  of  preferred  crystal  growth,  quad- 
ruple points  are  introduced  into  the  scale  layer  by  the 
normal  thickening  process  per  se.  Therefore,  it  is  believed 
that  grain  boundary  shearing,  and  the  effects  which  arise 
from  it  are  of  greater  importance  in  the  later  stages  of 
the  oxidation  process. 

Examination  of  certain  of  the  specimens  indicated 
that  oxygen,  as  well  as  nickel,  may  have  been  transported 
through  the  scale  layer.  The  oxide  grains  located  beneath 
the  apparent  position  of  the  metal-oxide  interface,  hence- 
forth termed  "undergrowth,"  are  believed  to  thicken  as  a 
result  of  this  type  of  transport.  Examples  of  undergrowth 
formation  may  be  recognized  most  easily  in  the  photo- 
micrographs of  Figures  44,  53  and  66. 

Since  this  mode  of  oxide  formation  has  been  found 
to  be  associated  primarily  with  cylindrical  specimens  and 
only  rarely  with  flat  specimens,  it  must  arise,  basically, 
from  geometrically-controlled  effects.  This  observation 
seems  to  rule  out  the  possibility  of  continuous  underlayer 
formation  by  diffusion-controlled  transport  of  oxygen 
through  the  oxide  boundaries  (or  grains)  of  the  scale 
since  specimen  geometry  per  se  would  be  expected  to  alter 
only  the  degree  and  not  the  mode  of  transport.  Therefore, 
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it  is  believed  that  the  oxide  grains  associated  with 
underlayer  formation  are  supplied  with  oxidant  by  seme  type 
of  mechanical  defects  which  traverse  the  scale  from  the 
gas-oxide  to  the  metal-oxide  interface. 

It  is  postulated  that  grain  boundary  shearing,  in 
the  scale  layer,  is  responsible  for  the  creation  of  void 
space  at  internal  quadruple  points  and  its  subsequent 
propagation  along  triple  lines  of  the  oxide  grain  boundary 
network.  If  the  rate  of  propagation  , of  void  space  is 
greater  than  that  of  addition  of  material  by  normal  and 
lateral  growth,  then  the  void  space  could  supply  the  scale 
traversing  defect  necessary  to  admit  oxygen  to  the  metal- 
oxide  interface.  The  void  distributions  present  in  the 
photomicrographs  of  Figures  51  through  53  support  this 
concept . 

In  the  case  of  flat  specimens,  the  major  driving 
force  available  for  the  activation  of  this  mechanism  is 
the  lateral  stress  created  by  grain  boundary  pressure. 
Further,  if  one  considers  the  lateral  growth  derived  from 
the  addition  of  material  at  pre-existing  oxide  grain 
boundaries,  the  mechanism  postulated  for  the  production  of 
grain  boundary  pressure,  then  it  is  seen  that  each  oxide 
grain  is  augumented  in  size  and  that  it  is  necessarily 
under  constraint;  i.e.,  the  grains  no  longer  fit  properly 
into  the  network.  This  type  of  constraint  would  tend  to 
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act  most  strongly  in  the  region  of  triple  lines  and  quadruple 
points.  It  is  feasible  that  the  grain  structure  would, 
therefore,  "pull  apart"  or  more  precisely  be  "wedged  apart," 
with  the  subsequent  formation  and  propagation  of  void  space. 

The  wedging  process,  applied  to  the  region  of  the 
oxide  immediately  adjacent  to  the  metal-oxide  interface, 
could  conceivably  provide  the  conditions  necessary  for 
formation  of  undergrowth  crystals.  It  is  postulated  that 
the  shears  associated  with  addition  of  material  to  oxide 
grain  boundaries  is  more  severe  in  the  region  of  scale 
immediately  adjacent  to  this  interface.  A localized  tilting 
of  the  oxide  lattice  may  then  ensue,  causing  subgrain  boun- 
dary formation.  Aggravation  of  this  process,  by  continued 
local  shearing,  could  then  lead  to  the  oxide  grain  boundary 
formation  observed  as  undergrowth.  This  process  is  believed 
to  continue  until  a coherent  undergrowth,  one  oxide  crystal 
in  thickness,  is  produced.  Normal  growth  of  the  crystals 
so  formed  would  be  enhanced  by  oxidant  supplied  through 
opened  triple  lines  of  the  scale. 

With  the  formation  of  new  quadruple  points  between 
the  undergrowth  and  the  original  oxide,  further  oxidation 
(and  deformation)  would  again  form  and  propagate  void  space 
at  the  triple  lines  of  the  undergrowth.  This,  in  turn,  could 
lead  to  a "third  generation"  of  oxide  crystals  beneath  the 
undergrowth.  However,  this  repetitive  process  is  thought 
to  be  extremely  slow  in  the  case  of  nickel  oxidation  due  to  a 
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deficiency  of  oxygen  beneath  the  original  oxide  crystals 
and  the  attendant  low  rate  of  scale  deformation. 

In  the  case  of  specimens  possessing  positive  curva- 
ture, the  lateral  stresses  due  to  grain  boundary  pressure 
would  be  augmented  by  those  due  to  geometric  constraint. 

Early  in  the  oxidation  process,  deformation  may  be  so  severe 
that  the  grain  boundary  region  associated  with  grain 
boundary  shearing  widens  to  a point  where  it  becomes  in- 
distinguishable from  the  grain  itself.  Under  these 
conditions,  one  may  expect  bulk  deformation  of  oxide  grains 
which  essentially  takes  the  form  of  extrusion.  Subsequent 
reduction  of  the  state  of  stress,  or  rate  of  deformation, 
which  accompanies  the  scale  thickening  process,  would  tend 
to  reestablish  the  identity  of  the  grain  boundary  shearing 
mechanism.  As  a result,  the  process  of  void  formation  and 
propagation  necessary  to  undergrowth  thickening  could  ensue. 

Other  investigators  have  found  that  a "two-layered" 
scale  forms  on  nickel  and  it  has  been  pointed  out  that  this 
effect  may  be  due  to  the  presence  of  impurities  in  the  mater- 
ial used.  The  purity  of  material  employed  in  this  research 
is,  however,  much  in  excess  of  the  composition  limit  set  for 
dividing  the  scaling  behavior  into  one-  and  two-layer  classes. 
It  is  therefore  felt  that  the  production  of  the  second  layer 
is  intimately  associated  with  the  details  of  the  oxidation 
mechanism  per  se,  as  postulated  above. 
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4.43  Rearrangement  of  the  External  Surface  of  Oxide  Grains 

It  has  been  postulated  that,  during  the  oxidation 
process,  nickel  is  delivered  to  both  the  external  surface  of 
the  scale  and  to  the  oxide  grain  boundary  region.  This  fea- 
ture of  the  process  requires  that  the  system  of  growing  oxide 
crystals  be  regarded  as  an  entity  different  from  a similarly 
arranged  group  of  crystals  which  are  not  growing,  if  surface 
rearrangement  is  considered.  The  faceting  process  is  en- 
visioned as  a competitive  one  wherein  the  rate  of  surface 
rearrangement  must  be  balanced  against  the  rate  of  oxide 
formation.  In  order  to  proceed  from  this  point,  it  is  there- 
fore expedient  to  first  consider  the  behavior  of  a static 
system  (not  growing)  and  then  apply  the  modifications  induced 
by  transport  of  material  from  the  underlying  metal. 

Rearrangement  of  the  crystals  of  a columnar  scale, 
in  the  form  of  faceting,  may  occur  as  a result  of  effects 
arising  from  interfacial  energies  if  the  supply  of  nickel 
from  their  substrates  is  removed.  The  general  principles 
involved  in  such  rearrangement,  under  conditions  wherein 
the  volume  of  material  is  nearly  constant,  have  previously 
been  applied  to  polycrystalline  materials  (70,  71 ) . 

A region  surrounding  the  external  surface  of  the 
oxide  may  be  considered  to  contain  two  phases:  the  oxi- 

dizing gas  and  the  oxide.  Areas  of  the  surface,  wherein  an 
oxide  grain  is  in  contact  with  the  gas,  have  associated 
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with  them  the  gas-oxide  interfacial  energy,  lines  on  the 
external  oxide  surface,  which  represent  the  termination 
of  grain  boundaries,  have  associated  with  them  three 
interfacial  energies:  gas-oxide^,  gas-oxide2,  and  oxide^- 

oxide2»*  Similarly,  six  interfacial  energies  may  be 
enumerated  for  the  quadruple  points  of  the  surface.  The 
relative  magnitudes  of  these  interfacial  energies  will,  in 
part,  determine  the  equilibrium  distribution  of  material 
under  conditions  of  adequate  surface  mobility. 

If  the  gas-oxide  interfacial  energy  is  much  lower 
than  that  associated  with  the  oxide-oxide  surface,  as  is 
thought  to  be  the  case,  then  the  oxide-oxide  surface  will 
be  destroyed  in  favor  of  the  creation  of  gas-oxide  inter- 
faces. Further,  if  this  surface  transport  process  is 
allowed  to  continue  until  the  surface  of  the  scale 
approaches  equilibrium,  then  one  would  expect  to  observe 
effects  due  to  the  directional  anisotropy  of  the  oxide 
crystal's  surface  energy  (71_) . In  particular,  the  pro- 
duction of  faceted  grain  surfaces  or  grains  exhibiting 
idiomorphic  shapes  such  as  those  shown  in  Figure  85  would 
be  predicted  to  result  from  this  driving  force  for  re- 
arrangement . 


grains . 


*The  subscripts  used  here  denote  different  oxide 
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Quadruple  points  of  the  oxide  surface  provide 
favorable  sites  from  which  facets  may  grow.  At  the 
beginning  of  the  faceting  process,  one  faceting  surface 
of  each  of  the  three  associated  oxide  grains  may  be 
developed  by  the  transport  of  a relatively  small  amount 
of  material,  with  the  expenditure  of  little  energy.  As 
the  process  continues,  the  volume  of  the  pyramidal  facet 
pit  is  believed  to  increase  by  surface  transport  of 
material  from  each  of  the  relatively  stable  crystal  facets 
to  the  outermost  surface  of  their  grains.  Under  conditions 
of  material  conservation,  this  would  lead  to  a thickening 
of  the  scales.  It  should  be  noted  that  the  external 
quadruple  point  which  recedes  along  a triple  line  of  the 
oxide  structure  is  at  all  times  the  point  of  deepest  in- 
trusion of  the  gaseous  phase. 

In  the  case  of  growing  oxide  crystals  the  description 
of  surface  rearrangement  just  presented  is  modified  by 
considerations  of  the  rate  of  delivery  of  material  to 
various  crystal  surfaces.  Thus,  the  existence  of  a 
columnar  oxide  grain  structure  which  fills  all  space  in 
the  region  of  the  scale  indicates  that  the  effects  due 
to  growth  have  overshadowed  those  due  to  the  anisotropic 
nature  of  the  crystal  surface  energy.  Such  structures 
are  believed  to  arise  from  the  lateral  growth  of  oxide 
crystals  under  conditions  of  relatively  high  rates  of  nickel 
delivery  to  their  surfaces. 
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If  complete  contact  of  the  scale  is  maintained, 
both  internally  and  at  the  metal-oxide  interface,  then 
the  rate  of  delivery  of  nickel  to  the  external  surface  is 
as  high  as  possible  and  one  might  expect  that  the  rate  of 
delivery  of  material  to  the  surface  would  exceed  that  of 
surface  rearrangement.  However,  some  specimens  exhibit 
faceted  surfaces  in  spite  of  the  fact  that  the  scales 
formed  are  adherent  and  appear  to  be  relatively  free  of 
mechanical  defects  which  would  act  as  diffusion  barriers. 
Such  specimens  usually  exhibit  some  degree  of  undergrowth 
formation.  It  is,  therefore,  proposed  that  transport  of 
nickel  from  the  substrate  takes  place  only  through  single, 
columnar  oxide  grains  which  are  in  direct  contact  with  the 
metallic  phase. 

Thus,  although  nickel  is  free  to  move  through  the 
metal-oxide  and  gas-oxide  interfaces,  it  is  believed  that 
transport  of  nickel  through  the  oxide-oxide  interfaces 
(grain  boundaries)  is  highly  restricted.  This  concept  is 
supported  by  the  observation  that  the  lateral  dimension  of 
oxide  grains  is  apparently  unchanged  by  increasing  the 
duration  of  oxidation.  Such  dimensional  stability  is, in 
turn,  indicative  of  a lack  of  lateral  transport  through 
columnar  grain  boundaries.  Faceting  of  the  external 
surface  is,  therefore,  believed  to  arise  only  for  those 
scales  (or  portions  of  scales)  which  have  lost  direct 
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contact  with  the  metal-oxide  interface.  Under  such  conditions 
it  is  postulated  that  nickel  can  no  longer  be  delivered  to 
the  gas-oxide  interface  of  the  grain,  because  it  would  have 
to  cross  the  oxide-oxide  boundary  to  get  from  the  metal  phase 
into  the  oxide  crystal. 

4 . 5 A Proposed  Mechanism  for  the  Oxidation  of  Nickel 

It  has  been  proposed  that  deformation,  in  the  form 
of  shears  passing  through  the  scale  layers,  necessarily 
accompanies  the  continued  oxidation  of  nickel.  In  the 
previous  sections,  concepts  involving  the  interaction  of 
this  deformation  with  the  microstructural  features  of  the 
scale  were  introduced.  The  purpose  of  this  section  is  to 
unify  these  concepts  into  a single  mechanism  of  the 
scaling  process  for  nickel  which  is  compatible  with  the 
experimental  observations  of  this  research. 

Subsequent  to  the  initiation  and  production  of 
oxide  crystallites,  the  oxide  grains  grow  to  form  a three- 
dimensional  grain  boundary  network.  Attendant  with  the 
formation  of  this  network  is  the  proposed  grain  boundary 
pressure  which  is  large  enough  to  cause  plastic  deformation 
of  the  oxide  crystals.  The  state  of  stress  in  the  scale  is 
determined  by  the  mechanical  response  of  the  oxide  to  this 

t 

pressure  and  the  stresses  which  arise  as  a result  of  the 
constraint  developed  by  the  scale  (as  a unit)  attempting 
to  follow  the  retreating  metal. 
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In  the  case  of  flat  specimens,  this  latter  source 
of  stress  is  believed  to  be  negligibly  small;  however,  in 
the  case  of  specimens  possessing  curvature  it  must  be 
taken  into  account.  Scales  developed  on  convex  specimens 
will  thus  be  subjected  to  greater  stresses  and  suffer 
more  severe  deformation  than  those  developed  on  flat 
specimens,  while  scales  developed  on  concave  specimens 
may  be  subject  to  reduced  circumferential  compression. 
Since  results  of  investigations  concerning  deformation- 
enchanced  transport  processes  are,  to  date,  inconclusive; 
it  is  assumed  that  these  stresses  cause  only  mechanical, 
as  opposed  to  physicochemical  effects. 

At  the  oxidation  temperatures  employed  herein, 
this  mechanical  deformation  is  believed  to  lead  to  grain 
boundary  shearing  except  in  the  case  of  very  high  scale 
stresses  where  this  process  degenerates  to  extrusion. 

Prior  to  the  time  at  which  the  growth  of  crystallites 
possessing  preferred  orientation  produce  quadruple  points 
within  the  scale,  effects  due  to  this  mode  of  deformation 
are  believed  negligible.  However,  after  quadruple 
points  have  been  developed,  voids  may  form  at  these  sites 
as  a result  of  grain  boundary  shearing  and  the  void  space 
may  subsequently  be  propagated  along  the  associated  triple 
lines.  It  is  proposed  that  this  mode  of  deformation 
provides  a defect  or  "channel"  which  completely  traverses 
the  scale  and  which  is  capable  of  providing  a relatively 
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easy  path  for  oxygen  transport  to  a region  of  metal- 
oxide  interface. 

It  has  been  postulated  that  a localized  rearrange- 
ment of  the  structure  of  individual  columnar  oxide  crystals 
also  arise  as  a result  of  concentrated  shearing  in  the 
region  of  the  metal-oxide  interface.  This  deformation 
initially  takes  the  form  of  lattice  bending  which,  when 
sufficiently  severe,  provides  an  oxide  grain  boundary 
within  the  original  columnar  grain.  The  small  grain  so 
formed,  immediately  adjacent  to  the  metal-oxide  interface, 
is  one  crystal  of  several  which  are  collectively  termed 
undergrowth . 

The  thickening  of  this  layer  of  crystals  may 
proceed  by  the  flow  of  oxygen  from  the  outermost  surface 
of  the  specimen.  Two  classes  of  oxygen  transport  through 
the  scale  are  thought  to  exist: 

(1)  Restricted  transport  wherein  oxygen  arrives 
at  the  undergrowth  crystals  via  oxide  grain  boundary 
diffusion. 

(2)  A less-restricted  form  of  transport  wherein 
oxygen  enters  via  void  space  associated  with  triple  lines 
of  the  scale. 

In  the  latter  case,  thickening  of  the  undergrowth  once 
again  involves  grain  boundary  diffusion;  however,  the 
path  length  would  be  diminished. 
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It  is  further  postulated  that  the  electrostatic 
character  of  the  (ionic)  nickel  oxide  grain  boundaries 
is  such  that  transport  of  nickel  through  the  boundary 
region  is  severely  restricted.  In  view  of  the  condition 
on  the  transport  of  nickel,  it  is  believed  that  undergrowth 
formation  is  accompanied  by  a reduction  in  the  rate  of 
overall  scale  thickening. 

Since  the  oxide  grain  boundaries  are  assumed  to  be 
opaque  to  nickel  transport,  formation  of  the  undergrowth 
removes  the  supply  of  nickel  from  the  overlying  grains 
and  faceting  of  them  may  commence.  As  faceting  proceeds, 
it  is  believed  that  intergranular  matter  is  transported 
by  essentially  surface  paths  from  high-  to  low-energy 
sites  of  individual  grains.  In  addition,  the  lack  of 
nickel  supply  removes  the  source  of  grain  boundary  pres- 
sure in  the  original  scale,  so  that  stresses  are  relegated 
to  the  region  of  the  undergrowth.  It  is  proposed  that 
the  cycle  of  events  becomes  complete  when  faceting  of  the 
primary  layer  is  so  aggravated  that  the  older  grains  fall 
away  and  the  supply  of  oxygen  to  the  undergrowth  is 
equivalent  to  that  of  the  surrounding  environment. 

4 . 6 Interpretation  of  Results  of  This  Investigation 

The  quantity  of  scale  formed  on  nickel  specimens 
during  oxidation  at  elevated  temperatures  has  been  found  to 
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be  dependent  upon  both  the  duration  of  oxidation  and  the 
particular  specimen  geometry  employed.  Further,  it  has 
been  found  that  the  quantity  of  scale  produced  is  not,  in 
general,  simply  related  to  the  oxidation  time  or  the 
specimen  shape;  rather,  it  appears  that  these  parameters 
are  interrelated.  The  proposed  scaling  mechanism  predicts 
that  there  will  exist  an  effect  of  specimen  geometry  6n  the 
scaling  behavior  provided  specific  structural  features 
obtain  in  the  scale.  For  this  reason,  the  results  of  the 
present  investigation  will  be  compared  to  those  predicted 
by  the  proposed  mechanism  in  that  both  the  degree  of  scale 
development  and  the  degree  of  deformation  will  be  considered. 

It  will  be  seen  that  the  proposed  mechanism  provides 
a reasonable  and  consistent  explanation  of  the  scale  thick- 
ening effects,  oxide  microstructures,  and  macroscopic 
specimen  deformations  observed  herein  as  a result  of  oxi- 
dizing high-purity  nickel.  The  principles  involved  are, 
however,  believed  to  be  applicable  to  the  field  of  high- 
temperature  oxidation  of  metals  as  a whole.  The  applic- 
ability of  the  proposed  scaling  mechanism  to  other  oxidation 
studies  is  reserved  for  a later  section  of  this  work. 

The  results  of  this  research,  which  should  be 
forecast  by  the  proposed  mechanism  may  be  broadly  classi- 
fied into  five  major  catagories;  rate  of  oxygen  consumption 
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scale  thickening  characteristics,  microstructural  features 
of  the  scale,  macroscopic  deformation  behavior  and  special 
experiments.  It  will  prove  expedient  to  discuss  the  first 
and  last  of  these  as  separate  entities,  while  scale  thicken- 
ing and  oxide  microstructure  are  so  closely  related  that 
they  must  be  discussed  as  a unit.  The  material  which 
follows  is  in  the  form  of  a point-to-point  assessment 
of  the  data  in  terms  of  the  proposed  scaling  mechanism. 

This  analysis  follows  the  organization  of  Chapter  III  as 
far  as  is  practicable. 

4.61  Oxygen  Consumption 

So  long  as  the  thickness  of  scale  is  small,  few 
quadruple  points  exist  within  it  and,  for  this  case,  the 
proposed  scaling  mechanism  predicts  that  the  scaling  rate 
should  remain  parabolic,  independent  of  both  oxidation 
time  and  the  degree  of  oxide  constraint.  The  parabolic 
scaling  rate  indicated  by  the  linear  relation  between  oxy- 
gen consumption  and  the  square  root  of  oxidation  time,  as 
* 

shown  in  Figures  9 through  13,  is  in  accord  with  the  pro- 
posed mechanism.  Since  the  oxidation  times  involved  are 
relatively  short  (about  2 hours),  the  scales  developed 
would  be  expected  to  be  thin  (of  the  order  of  5 microns) 
and  almost  entirely  free  of  quadruple  points.  Under  these 
conditions,  plastic  flow  of  the  scale  could  not  generate 
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the  defects  necessary  for  undergrowth  formation  and  para- 
bolic scaling  would  be  expected  to  persist,  as  observed. 

In  order  to  interpret  properly  some  aspects  of 
the  results  of  the  volumetric  experiments,  certain  features 
of  the  structural  character  of  both  metal  and  oxide  must 
be  recognized.  The  Mond  Process  nickel  spheroids  used  in 
this  series  of  experiments  are  fabricated  by  continuous 
deposition  of  nickel  on  nickel  "seeds"  by  the  decomposition 
of  gaseous  nickel  carbonyl.  This  mode  of  production  pro- 
vides a material,  which,  though  free  of  other  metallic  con- 
taminants, is  not  perfectly  dense.  Metallographic  inspection 
of  these  specimens  indicated  that  the  internal  voids  are 

I 

probably  in  the  form  of  disk-like  areas  which  are  oriented 
nearly  parallel  to  the  surface  of  large  specimens  and 
nearly  normal  to  the  surface  of  smaller  ones.  In  addition, 
the  external  surfaces  are  not  even  approximately  smooth 
as  evidenced  by  their  matte-grey  color. 

The  lack  of  an  initially  smooth  metal  surface  is 
believed  to  be  responsible  for  the  initial  deviations  from 
"pure"  parabolic  behavior  shown  in  Figures  9 through  13. 

Thus,  fluctuation  in  the  values  of  the  initial  scaling 
rate  constant,  Kyi , are  believed  to  merely  represent  a type 
of  complex  surface  readjustment  which  tends  to  provide  an 
effectively  smooth  surface  which  then  oxidizes  parabolically . 
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Inspection  of  specimens  prior  to  oxidation  did  not  reveal 
any  systematic  difference  in  the  surface  roughness  of 
prepared  specimens. 

The  observed  trend  of  increasing  final  rates  of 
reaction,  (K^).  with  increasing  specimen  curvature,  Figure 
15,  is  believed  to  be  due  to  the  particular  manner  in  which 
the  porosity  of  the  Mond  Process  nickel  spheroids  change 
with  specimen  size.  As  the  specimen  diameter  is  decreased, 
the  probability  that  a channel  of  porosity  intercepts  the 
specimen  surface  increases.  Metallographic  inspection  of 
the  specimens  indicated  that  these  channels  do  not  oxidize 
completely;  i.e.,  after  oxidation  they  remain  essentially 
voids  rather  than  sites  of  deep  oxide  penetration. 

Inspection  of  the  scale  layers  showed  that  the 
scales  which  formed  contained  less  than  one-tenth  the 
volume  fraction  of  void  space  originally  present  in  the 
metal.  This  suggests  that  the  void  space  is  closed  by 
lateral  plastic  flow  of  the  oxide  as  the  scaling  process 
progresses.  Since  a larger  fraction  of  the  original 
surface  of  smaller  specimens  is  composed  of  void  channels, 
the  scales  formed  on  them  would  be  capable  of  more  lateral 
plastic  flow  than  those  developed  on  larger  specimens.  As 
a result,  the  thickness  of  the  scale,  which  is  inversely 
proportional  to  the  rate  of  oxidation,  would  be  less  for 
smaller  specimens.  Therefore,  the  scaling  rate,  as  measured 


by  oxygen  consumption  per  unit  of  projected  surface  area, 
would  be  greater  for  smaller  specimens,  as  is  observed. 

The  phenomenon  involving  lateral  plastic  flow  of 
the  scale,  employed  above,  is  not  contrary  to  the  basic 
ideas  involved  in  the  proposed  scaling  mechanism;  rather, 
it  supports  them.  The  observed  lateral  flow,  in  place  of 
the  predicted  scale  extrusion  under  conditions  of  constraint 
is  believed  to  be  merely  a consequence  of  the  specially- 
distributed  porosity.  This  behavior  indicates  that  some 
scale  extrusion,  normal  to  the  specimen  surface,  would 
have  probably  occurred  under  conditions  of  stronger  lateral 
constraint;  i.e.,  the  absence  of  pores. 

4.62  Scale  Thickening  and  Oxide  Microstructure 

The  Nickel-270  bar  stock  used  in  all  but  the  oxygen 
consumption  experiments  of  this  investigation,  was  pore-free 
and  found  to  exhibit  the  theoretical  density  of  nickel, 
within  experimental  error.  The  metallic  surfaces  provided 
were  metallographically  smooth  and  mirror-like  so  that  the 
ratio  of  geometric  to  true  surface  area  was  probably  very 
nearly  unity.  Thus,  effects  arising  from  lateral  constraint 
of  the  oxide  may  be  expected  to  appear  under  these  circum- 
stances where  they  are  predicted  by  the  proposed  scaling 
mechanism. 

One  of  the  most  striking  features  of  the  scale 
thickening  studies  is  the  persistence  of  the  geometric 
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dependence  of  this  feature  of  the  oxidation  process,  in- 
dependent of  oxidation  temperature,  oxygen  pressure,  or 
other  environmental  factors.  Figures  16  through  25  and  32 
indicate  that  sclid  cylindrical  specimens  developed  thicker 
scales  than  do  flat  specimens  when  oxidized  under  isochronic, 
isothermal  conditions.  This  behavior  is  in  accord  with 
that  predicted  since  the  lateral  yielding  of  the  oxide  is 
larger  in  the  case  of  cylindrical  specimens  than  it  is  in 
flat  specimens. 

The  general  features  of  the  scale  developed  on 
cylindrical  specimens  are  believed  to  be  represented, 
qualitatively,  by  the  three-dimensional  graph  of  Figure  31. 

The  observed  time  dependence  of  the  effect  of  specimen 
curvature  illustrated  therein  is  in  accord  with  the  concept 
that  certain  structural  features  must  obtain  in  the  scale 
prior  to  the  development  of  a curvature-dependent  scaling 
rate.  The  precise  form  of  the  plotted  surface  will,  of 
course,  depend  upon  the  specific  environmental  conditions 
which  prevail  during  oxidation;  however,  it  is  felt  that 
such  a difference  will  basically  alter  only  the  elevation 
and  not  the  overall  shape  of  this  surface. 

The  oxide  microstructures  were,  of  course,  developed 
at  elevated  temperatures  whereas  metallographic  inspection 
was  carried  out  at  room  temperature.  Although  evidence  of 
the  mechanical  deformation  of  the  oxide  structure  was  obtained 
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at  room  temperature,  it  is  believed  that  the  deformation 
had  occurred  at  the  oxidation  temperature  and  did  not  result 
during  the  cooling  of  specimens.  This  view  is  supported  by 
the  fact  that  measurements  of  the  thermal  coefficients  of 
expansion  of  nickel  and  nickel  oxide  indicate  that  their 
average  values  are  so  nearly  equal  that  the  differential 
strain  due  to  cooling  from  1000°C  would  not  exceed  0.05 
per  cent  (35).  Strains  of  such  magnitude  could  hardly 
account  for  most  of  the  observed  deformations  in  oxide 
surface  structure. 

Microscopic  evidence  for  the  existence  of  stresses 
and  attendant  deformation  in  oxide  scales  include  observa- 
tions of  void  and  blister  formation  and  a general  roughening 
of  the  surface  structure  in  the  form  of  protrusions  at  points 
of  grain-to-grain  contact,  the  apparent  extrusion  of  oxide 
grains  beyond  the  general  level  of  the  scale  layer,  and 
deformation  markings  present  at  the  external  surface  of 
certain  oxide  grains.  Many  of  these  features  may  be  best 
explained  when  considered  from  the  viewpoint  of  the  proposed 
scaling  mechanism.  Thus,  oxide  protrusions  at  points  of 
grain-to-grain  contact  and  the  observation  of  elevated  grain 
boundary  regions  are  believed  to  arise  from  the  existence 
of  a grain  boundary  pressure,  while  tilted  or  warped  oxide 
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grain  surfaces  are  believed  to  be  due  both  to  this  pressure 
and  shear  deformation  necessary  to  the  maintenance  of  scale 
contact  at  the  metal-oxide  interface. 
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Oxidation  in  Air  for  16  Hours  at  1000°C  - The 
various  features  of  the  surface  of  Figure  31  may  be  best 
explained  using  the  16-hour,  1000°C  data  as  a model  since 
they  represent  a relatively  advanced  degree  of  oxidation  in 
terms  of  the  proposed  scaling  mechanism;  i.e.,  quadruple 
points  are  believed  to  be  present  in  all  of  the  scales 
produced.  The  total  scale  thickness,  including  undergrowth, 
is  shown  in  the  graph  of  Figure  16  and  corresponding  micro- 
structures  may  be  seen  in  Figures  4b  through  53.  The  initial 
increase  in  scale  thickness  with  increased  curvature  is 
believed  to  represent  the  addition  of  increasing  amounts 
of  undergrowth  to  a layer  of  fixed  thickness  (about  26 
microns)  of  original  columnar  scale.  It  should  be  emphasized 
that  the  measuring  process  employed  averages  individual 
determinations  of  scale  thickness.  Thus,  either  a greater 
thickness  of  isolated  units  of  undergrowth  or  a more  uniform 
distribution  of  undergrowth  having  some  lesser  thickness 
would  produce  the  same  average  value  of  total  scale  thickness. 

The  cross-sectional  view  of  the  flat  specimen, 

Figure  51a,  shows  voids  located  on  the  grain  boundary  net- 
work and  a very  small  degree  of  undergrowth  formation.  In 
terms  of  what  has  been  proposed,  the  voids  are  interpreted 
as  sections  through  triple  lines  along  which  void  space  has 
been  propagated.  An  oblique  section  through  the  scale 
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indicated  that  these  voids  are  in  fact  a section  through  a 
zone  of  connected  porosity  which  appears  to  be  centered 
within  a stratum  roughly  parallel  to  the  surface  of  the 
specimen.  This  zone  is  believed  to  contain  the  outermost 
quadruple  points  of  the  scale. 

The  presence  of  these  voids  plus  the  small  amount 
of  undergrowth,  shown  in  Figure  51a,  for  the  case  of  a 
flat  specimen,  indicates  that  the  grain  boundary  pressure 
alone  is  able  to  both  nucleate  void  space  and  to  propagate 
it  to  form  a scale-traversing  channel.  This  latter  event 
probably  occurred  late  in  the  process  since  no  faceting 
of  the  external  surface  and  a very  small  amount  of  under- 
growth were  noted.  The  observed  scale  thickening  and 
microstructural  features  of  the  scale  are  those  which 
would  be  expected  on  the  basis  of  the  proposed  scaling 

I 

mechanism. 

Further  increases  in  curvature,  to  a value  of 
approximately  6 cm- 1 are  believed  to  promote  an  increasing 
number  of  patch-like  undergrowth  formations  having  nearly 
the  same  thickness  (about  4 microns).  This  behavior  is 
expected  on  the  basis  of  the  postulated  increased  scale 
deformation  associated  with  specimens  of  higher  curvature. 
Such  enhanced  deformation  is  thought  to  increase  the  number 
of  channels  formed  as  the  curvature  is  increased,  and  thereby 
promote  increased  underlayer  growth. 
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Since  the  deformation  suffered  by  the  oxide  is 
strongly  dependent  upon  the  specimen  curvature,  larger 
amounts  of  surface  upheaval  would  be  expected  as  a result 
of  relatively  small  increases  in  curvature.  Figures  45  and 
46a  illustrate  this  effect.  They  also  indicate  that  under- 
growth formation  is  relatively  recent  since  no  appreciable 
degree  of  faceting  has  taken  place.  However,  the  increasing 
number  of  large  cavities  shown  in  Figure  52a,  for  the  speci- 
men curvature  6.4  cm“l , indicates  that  this  scale  is  more  ! * 
friable  than  those  developed  on  specimens  of  lower  curvature. 
This  behavior  is  interpreted  as  being  due  to  mechanical 
weakening  of  specific  portions  of  the  scale  at  the  onset 
of  faceting.  The  electron  photomicrograph  of  the  surface 
of  this  specimen,  Figure  48a,  illustrates  a faceted  portion 
of  the  scale  which  implies  local  stoppage  of  nickel  transport 
into  the  first-formed  crystals.  This  behavior  also  indicates 
that  the  nickel  supply  to  the  surface  was  interrupted  earlier 
in  the  case  of  this  specimen  than  it  was  for  those  specimens 
of  lower  curvature.  Thus,  the  observed  behavior  for  curva- 
tures less  than  approximately  6 cm- ^ is  precisely  that 
predicted  by  the  proposed  scaling  mechanism. 

As  the  curvature  is  increased  to  a value  in  excess 
of  approximately  7 cm”! , the  circumferential  stress  level 
is  apparently  large  enough  to  cause  severe  deformation  of 
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the  oxide  in  the  region  immediately  adjacent  to  the  metal- 
oxide  interface.  As  a result,  the  bases  of  some  of  the 
columnar  grains  appear  to  be  highly  distorted,  as  if  they 
had  been  fragmented.  According  to  what  has  been  proposed, 
additional  deformation,  caused  by  those  grains  which  have 
maintained  contact,  would  provide  few  scale-traversing 
channels  necessary  for  the  admission  of  air  to  the  metal- 
oxide  interface  and  subsequent  undergrowth  thickening. 

Air,  once  admitted  to  the  region  of  the  metal-oxide 
interface,  is  thought  to  be  not  only  capable  of  promot- 
ing further  development  of  the  undergrowth,  but  also  of 
faceting  those  grains  which  are  not  directly  connected  to 
the  metallic  substrate.  It  is  believed  that  this  process 
provides  the  friable,  nearly  continuous  dark  band  of  faceted 
oxide  formed  at  the  innermost  zone  of  the  original  scale 
shown  in  Figure  52b.  In  addition,  since  the  supply  of 
air  is  limited  by  the  closely-packed  overlying  grains, 
there  is  only  a small  amount  available  for  undergrowth  de- 
velopment and  this  layer  is  subsequently  relatively  thin. 

The  proposed  mechansim  would  predict  that  there  is 
more  time  for  facet  formation  and  structural  weakening  of 
the  oxide  since  the  supply  of  nickel  to  the  original 
columnar  grains  is  disrupted  relatively  early  in  the 
process.  Deep  faceting  of  the  surface,  illustrated  in 
Figure  46b,  and  the  sensitivity  of  the  oxide  to  mechanical 
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and/or  thermal  shocks,  evidenced  by  the  cracking  shown  in 
Figure  52b,  both  suggest  early  removal  of  the  nickel 
supply.  This,  in  turn,  is  believed  to  be  responsible  for 
the  relatively  thin  outer  layer  of  columnar  oxide  and  the 
decrease  in  total  scale  thickening  near  the  midrange  of 
specimen  curvature  investigated,  illustrated  in  Figure  16. 

A further  increase  in  curvature,  to  approximately 
12  cm- , would  be  predicted  to  increase  the  amount  of 

I 

deformation  in  the  scale  which  would  cause,  in  addition 
to  the  effects  noted  above,  a measurable  lengthening  of 
the  first-formed  oxide  crystals  by  extrusion.  This  mode 
of  deformation  is  believed  to  obviate  lattice  bending  in 
the  columnar  crystals.  The  time  of  undergrowth  formation 
would  therefore  be  delayed  due  to  the  plastic  extension 
of  oxide  grains,  with  respect  to  that  predicted  on  the 
basis  of  curvature-induced  deformation  alone.  The 
"grain-straightening"  process,  caused  by  extrusion, 
and  the  larger  channels  also  apparently  provide  easier 
paths  for  oxygen  transport,  as  evidenced  by  the  thicker 
undergrowth  layer  and  the  large,  dark  zone  of  faceted 
crystals  shown  in  Figure  53a.  The  same  process  appears 
to  aggravate  surface  faceting  in  that  the  external  quad- 
ruple points  appear  to  have  intruded  to  a greater  depth 
causing  a general  weakening  of  the  structure  as  evidenced 
by  its  extreme  friability.  The  degree  of  surface  faceting 
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illustrated  in  Figure  47b,  however,  is  less  marked  than 
that  of  the  scale  described  immediately  above.  This  in- 
dicates that  the  faceting  process  occurred  later  in  time 
for  the  scale  developed  on  the  specimen  of  higher  curva- 
ture, and  that,  therefore,  when  channels  do  occur  after 
extrusion  they  are  relatively  massive. 

The  scale  developed  on  the  specimen  of  highest 
curvature.  Figure  53b,  exhibits  certain  areas,  roughly 
in  the  shape  of  triangles,  which  consist  of  grains  which 
appear  to  be  fragmented.  It  is  proposed  that  these  areas 
were  initially  occupied  by  grains  similar  in  shape  to 
their  neighbors,  but  less  well  oriented  for  radial  plastic 
flow  than  they.  The  very  large  circumferential  stress 
postulated  to  exist  in  the  scale  of  the  high-curvature 
specimen  is  believed  to  be  responsible  for  this  type  of 
grain  structure.  In  addition,  the  larger  combined  stresses 
are  thought  to  have  caused  considerable  lengthening  of 
those  grains  more  suitably  oriented  for  extrusion. 

It  has  been  postulated  that,  under  the  influence 
of  the  higher  stresses  involved,  the  grain  boundary  region 
associated  with  grain  boundary  shearing  becomes  diffuse 
and  bulk  extrusion  prevails.  If  this  were  so,  it  would 
tend  to  delay  the  onset  of  grain  boundary  shearing  and 
subsequent  channel  formation.  The  irregularity  of  the 
undergrowth  formation,  Figure  53b,  and  the  relatively 
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small  degree  of  external  faceting,  Figure  50,  both  in- 
dicate that  the  undergrowth  formation  has  been  delayed 
relative  to  some  of  the  specimens  possessing  lower 
curvature.  The  trend  for  slightly  decreased  oxide  ad- 
hesion, Figure  86a,  near  the  midrange  of  curvature 
investigated  further  supports  the  idea  of  delayed  under- 
growth formation  in  that  the  scales  formed  on  the  specimen, 
of  highest  curvature  are  apparently  not  mechanically 
weakened  by  subsequent  faceting. 

Further  evidence  for  grain  extrusion  during  oxi- 
dation of  this  specimen  may  be  seen  in  the  photomicrograph 
of  Figure  47b  which  shows  oxide  protrusions  at  points  of 
grain-to-grain  contact.  In  addition,  the  photomicrographs 
of  Figures  53b  and  54  show  axial  and  longitudial  sections, 
respectively,  indicating  that  grains  are  essentially 
in  the  form  of  flat  pie-shaped  wedges  - the  form  expected 
for  radial  extrusion  by  the  proposed  dominant  circumfer- 
ential compression.  This  latter  feature  may,  however, 
also  arise  as  a result  of  other  phenomena. 

The  tendency  for  preferential  alignment  of  oxide 
grains  in  the  scales,  a]though  most  probably  arising  as 
a result  of  microscopic  alteration  of  the  growth  mode, 
may  be  qualitatively  described  on  the  basis  of  the  pro- 
posed scheme  of  macroscopic  scale  deformation  in  spite 
of  the  fact  that  this  deformation  is  smaller  than  that 
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usually  associated  with  the  production  of  textures. 

X-ray  examination  of  flat  specimens  oxidized  in  dried 
oxygen,  which  are  believed  to  have  possessed  growing 
scales  at  the  termination  of  the  treatment,  showed  that 
the  -{220}  -reflection  was  abnormally  strong.  This 
indicates  that,  for  the  oxide,  the  preferred  direction 
of  growth  is  <^110^  . If  the  largest  principal 

(compressive)  stress  in  the  scale  of  a cylinderical 
specimen  is  considered  to  be  the  circumferential  stress, 
as  postulated,  then  there  should  be  a tendency  for  the 
slip  plane  to  contain  the  specimen  axis.  Since  the 
slip  system  in  the  oxide  is  most  probably  <110>  {lio}, 
the  predicted  wire  texture  would  be  approximately  a 
OH}  ~type.  Upon  the  addition  of  stress  in  other 
principal  directions,  one  may  expect  a "rotation"  of 
this  spatial  relation  which  is  dependent  upon  the  ratio 
of  the  stresses  involved. 

Tests  in  which  the  amplitude  of  the  thermal  wave 
was  varied  indicate  that  such  rotation  is  possible.  Since 
the  scales  of  the  specimens  employed  in  these  tests  exhibited 
faceting,  it  would  be  predicted  that  the  supply  of  nickel, 
and  therefore  the  grain  boundary  pressure,  is  absent  in 
the  outermost  (reflecting)  grains.  If  there  has  been 
introduced  a small-amplitude  thermal  variation,  then  one 
would  expect  that  the  oxide  grains  would  retain  the  growth- 
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induced  wire  texture  provided  basically  by  the  postulated 
circumferential  stress  originally  present.  Figure  93  is 
believed  to  show  the  results  representative  of  this  case. 
If,  on  the  other  hand,  a large-amplitude  thermal  variation 
were  present,  then  the  alignment  effects,  due  to  circum- 
ferential and  axial  deformations  would  be  expected  to  be 
more  nearly  equal.  The  relatively  weak  < 100>  wire 
texture,  shown  in  Figures  58  and  94,  appears  as  if  it 
had  been  produced  by  such  deformation  induced  alignment. 
The  fact  that  the  oxide  exhibits  a weak  < 1 1 1>  -type 
texture  in  the  absence  of  the  small  superimposed  thermal 
stress  (approximately  200  psi),  also  is  in  accord  with 
the  apparent  "rotation"  suggested  above. 

The  scales  developed  on  specimens  of  higher  curva- 
ture occasionally  exhibited  blisters  such  as  those  shown 
in  Figures  56  and  57.  These  photomicrographs  indicate 
that  the  oxide  crystals  tend  to  act  in  a cooperative, 
rather  than  independent,  fashion  in  that  the  blisters 
illustrated  therein  are  composed  of  several  oxide  grains. 
This  observation  supports  the  idea  of  treating  the  scale 
as  a homogeneous  band  of  material;  a concept  implicit  in 
the  considerations  involving  the  existence  of  a circum- 
ferential constraint.  In  addition,  the  photomicrographs 
of  Figures  56  and  57  illustrate  the  following  important 
features  in  the  scaling  process: 
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1)  The  apparent  radial  displacement  of  the  blister 
"cap"  away  from  the  metal-oxide  interface  as  well  as  the 
curvature  of  the  original  shearing  surfaces  indicates 

that  the  oxide  crystals  which  form  upon  the  "floor"  of  the 
blister  cavity  are  capable  of  exerting  a thrust  on  those 
associated  with  the  detached  portion  of  the  scale.  These 
observations  are  in  accord  with  the  proposed  existence  of 
a grain  boundary  pressure  since,  after  sintering,  the 
surface  joining  old  and  new  grains  is  essentially  a 
specially-oriented  oxide  grain  boundary. 

2)  The  blister  "cap"  is  porous,  thus  further 
scaling  processes  may  take  place  by  the  passage  of  oxygen 
through  the  outermost  surface  of  the  blister  and  subse- 
quent reaction  at  the  "floor"  of  the  blister  cavity. 

In  both  cases  shown,  the  thickness  of  the  columnar  oxide, 
at  the  time  of  blister  formation,  was  approximately  one- 
third  that  finally  developed,  while  the  thickness  of  the 
oxide  at  the  "floor"  of  the  cavity  is  more  nearly  twice 
this  amount.  This  indicates  that  a critical  thickness, 
or  time,  may  be  associated  with  blister  formation.  In 
terms  of  the  proposed  oxidation  mechanism,  this  would 
correspond  to  a time  just  subsequent  to  quadruple  point 
generation  in  the  scale.  It  therefore  appears  that  the 
combined  effects  of  relatively  high  circumferential 
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compression  and  the  nucleation  of  the  undergrowth  may  in 
some  cases  cause  local  blistering  of  the  first-formed 
oxide . 

3)  The  tapered  thickness  of  the  original  scale 
zone,  shown  in  Figure  57b,  lends  credence  to  the  concept 
that  the  undergrowth  is  capable  of  a rather  slow  "sideways" 
propagation.  It  is  suggested  that  this  may  arise  as  a 
result  of  the  bending  of  crystals  by  their  neighbors  as 
the  initial  sites  of  undergrowth  thicken.  The  tapering 
of  the  scale  thickness  above  the  underlayer  is  believed 
to  be  indicative  of  variations  in  length  of  time  contact 
between  the  original  crystals  and  the  metal-oxide  inter- 
face has  been  maintained.  It  is  thought  that  the  pro- 
gressive differences  in  thickness  arise  basically  from 
the  fact  that  the  grain  boundary  between  the  original 
crystals  and  the  undergrowth  is  opaque  to  nickel  transport. 

It  is  proposed  that  the  formation  of  an  underlying 
oxide  layer  may, in  some  cases , promote  subsequent  blister 
formation.  Because  nickel  transport  is  blocked  by  the 
boundaries  of  the  underlying  scale,  its  supply  to  the 
outer  layer  of  oxide  is  diminished  and  faceting  with 
attendant  mechanical  weakening  of  the  external  portion  of 
the  scale  would  be  predicted.  Subsequent  outward  buckling 
of  the  weakened  scale  by  the  residual  lateral  compressive 
stresses  is  believed  to  constitute  the  actual  act  of 
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blister  formation.  It  is  thought  that  this  occurs  rather 
suddenly,  perhaps  by  the  propagation  of  a crack  near  the 
interface  common  to  older  and  newer  oxide  grains.  This 

I 

mechanism  for  blister  formation  is  strongly  suggested 
by  the  presence  of  the  relatively  large  oxide  crystals 
at  the  floor  of  the  blister  cavity  shown  in  Figure  56. 

The  blister  depicted  in  the  photomicrograph  of 
Figure  57,  however,  does  not  exhibit  this  feature  as 
markedly.  Thus,  it  appears  that  more  than  one  mechanism 
for  blister  formation  may  be  operative.  It  is  suggested 
that  local  discontinuities  in  the  surface  of  the  metal, 
such  as  minute  slag  inclusions  for  example,  may  also  act 
as  blister-promoting  agents  much  in  the  same  manner  as 
would  a crystal  of  the  undergrowth. 

Flat  specimens,  unlike  cylindrical  ones,  are  assumed 
to  have  no  stresses  arising  from  the  motion  of  the  scale 
as  it  follows  the  retreating  metal-oxide  interface.  Thus, 
the  upper  bound  of  the  lateral  stresses  present  is  set  by 
the  magnitude  of  the  postulated  grain  boundary  pressure. 
Stresses  this  small  are  evidently  insufficient  to  produce 
the  scale  distortion  necessary  for  massive  undergrowth 
formation  during  the  course  of  the  16-hour,  1000°C  oxida- 
tion treatment.  The  scale  thickening  of  the  series  of 
cylindrical  specimens  just  discussed  supports  this  idea. 

Determinations  of  the  scale  thickness  developed 
on  flat  specimens  revealed  that  in  all  cases  the  overall 
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scale  thickness  was  less  than  that  developed  on  similarly 
oxidized  cylindrical  specimens  as  predicted,  Figure  22. 

This  is  believed  to  be  due  to:  (1)  the  lack  of  undergrowth 

thickening,  and  (2)  the  relatively  small  amount  of  grain 
extrusion  which  can  be  caused  by  the  smaller  lateral 
stresses.  The  minor  trend  for  decreasing  scale  thickness 
with  decreasing  specimen  thickness  is  attributed,  in  part, 
to  the  fact  that  lateral  stresses  in  scales  developed  on 
thinner  specimens  may  be  partially  relieved  by  the  extension 
of  the  metallic  substrate.  It  is  proposed  that  by  parti- 
tioning a small  amount  of  the  deformation  to  the  metal, 
the  lateral  stress  is  slightly  diminished  and  so,  according 
to  what  has  been  proposed,  is  oxide  grain  extrusion.  Com- 
parison of  Figures  51a  and  61b,  representing  the  scales 
formed  on  the  thickest  and  thinnest  specimens,  respectively, 
support  this  contention. 

Secondary  effects,  due  to  the  mode  of  specimen 
preparation  may  also  play  a role  in  the  thickening  process, 
Since  the  flat  specimens  were  fabricated  by  cold-rolling 
and  annealing,  a (100)  recrystallization  texture  has  quite 
probably  been  produced  in  the  metal  (72).  Further,  it  is 
expected  that  such  a texture  would  be  more  pronounced  for 
the  thinner  specimens  which  were  subject  to  larger  amounts 
of  deformation.  It  has  been  found  that  thin  films  of  nickel 
oxide  tend  to  orient  themselves  crystallographically  with 
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respect  to  the  metal,  and  in  particular  the  (lll)-plane 
of  the  oxide  tends  to  align  parallel  to  the  (lOO)-plane 
of  the  metal  (73).  If  this  original  preferred  growth 
persisted,  then  one  might  expect  thinner  layers  of  the 
oxide  to  form  on  more  highly  textured  flat  surfaces  since 
the  direction  of  growth, (111}  » requires  that  alternating 
layers  of  nickel  and  oxygen  be  provided.  Thus,  some 
portion  of  the  apparent  size  effect  noted  for  flat  speci- 
mens may  arise  simply  as  a result  of  the  degree  of  texture 
induced  in  specimen  preparation. 

The  scale  microstructures  involved,  Figures  59 
through  61,  exhibit  relatively  flat  external  oxide  surfaces 
and  columnar  grains,  generally  without  visible  undergrowth. 
A single  exception,  Figure  59b,  shows  some  degree  of  facet- 
ing which,  in  turn,  indicates  that  undergrowth  exists  in 
the  scale  of  this  specimen.  In  view  of  this  observation 
and  the  amount  of  scatter  found  in  the  scale  thickness 
data  of  thicker  metallic  specimens,  it  is  believed  that 
there  exists  some  relativly  minor,  non-systemat ic  specimen- 
to-specimen  differences  in  the  initial  size  and  orientation 
distributions  of  the  oxide  grains  which  may  cause  similar- 
ly treated  specimens  to  exhibit  slightly  different  degrees 
of  oxidation. 

Oxidation  in  Air  at  900°C  - Comparison  of  Figures 

17  and  18  shows  that  while  the  scale  thickening  process  is 
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nearly  insensitive  to  specimen  curvature  at  short  times, 
there  is  a curvature  dependence  of  the  scale  thickness 
for  longer  oxidation  times.  As  in  the  previous  case,  this 
effect  is  attributed  to  the  thickening  of  undergrowth 
during  the  course  of  the  long-time  treatments  and  its 
absence  at  shorter  times.  Figure  40  illustrates  the 
nearly  "pure"  columnar  structure  produced  during  exposure 
for  16  hours.  In  contrast,  after  oxidation  for  64  hours, 
a specimen  possessing  approximately  the  same  curvature 
exhibits  marked  undergrowth  formation  accompanied  by 
voids  on  the  grain  boundary  network  of  the  original 
columnar  structure  which  are  interpreted  as  sections 
through  triple-line  void  space,  Figure  44.  Further, 
this  figure  illustrates  the  radial  thrust  associates  with 
undergrowth  formation  in  that  the  oxide  is  bowed  outward 
above  each  segment  of  undergrowth  formation.  The  general 
features  illustrated  indicate  that  grain  boundary  shearing 
is  operative  in  polycrystalline  nickel  oxide  at  900°C. 
However,  the  apparent  intrusion  of  the  undergrowth  into 
the  metal,  shown  in  Figure  44,  lacks  explanation. 

ihe  large  initial  slope  of  the  specimen  curvature- 
scale  thickness  plot,  Figure  17,  indicates  that  the  stresses 
induced  by  geometric  constraint  are  more  effective  in  pro- 
viding the  scale-traversing  channels  than  was  the  case  at 
10C0°C , Figure  16.  This  effect  is  thought  to  be  due  to 
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the  lower  overall  plasticity  of  the  oxide  at  900°C  which, 
in  turn,  concentrates  the  deformation  in  the  grain  boundary 
regions  thus  accentuating  the  role  of  grain  boundary 
shearing.  The  low  slope  of  the  thickness-curvature  plot 
associated  with  those  specimens  oxidized  for  lesser  times 
indicates  that  grain  boundary  shearing  in  a purely  columnar 

structure  has  little  effect  on  the  scaling  behavior,  as 
expected. 

Both  the  appearance  of  undergrowth  on  specimens 
oxidized  for  64  hours  and  the  protrusions  at  points  of 
grain-to-grain  contact,  for  both  the  long-  and  short-time 
oxidation  treatments,  indicate  that  a grain  boundary 
pressure  also  exists  in  the  scale  at  900°C.  The  effect 
of  the  curvature-induced  constraint  on  the  external  struc- 
ture of  the  scale  is  not  as  marked  in  the  case  of  the 
specimens  oxidized  for  16  hours  as  it  is  for  those  oxidized 
for  64  hours,  although  both  series  of  specimens  exhibit  a 
trend  for  increased  scale  roughening  with  increasing 
specimen  curvature.  Figures  41  and  42  show  an  increase 
in  both  the  number  and  size  of  oxide  protrusions  as  the 
curvature  is  increased  from  approximately  2 to  10  cm"1. 

This  effect  has  been  predicted  on  the  basis  of  the  increase 
in  constraint,  and  subsequent  acceleration  of  plastic  flow, 
as  the  curvature  is  increased. 

At  curvatures  in  excess  of  approximately  12  cm"-1, 
the  external  surface  of  the  scale  becomes  faceted,  Figure  43, 
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and  the  total  scale  thickness  remains  nearly  constant. 

In  terms  of  the  proposed  mechanism,  this  behavior  in- 
dicates that,  for  curvature  in  excess  of  12  cm"~l , a 
complete  layer  of  undergrowth  forms  earlier  (due  to  the 
larger  amounts  of  deformation)  and  that  the  attendant 
removal  of  the  nickel  supply  allows  faceting.  In  addition, 
the  photomicrographs  of  Figure  43  show  that  the  degree  of 
faceting  increases  with  increasing  specimen  curvature, 
reinforcing  the  idea  that  undergrowth  occurs  earliest  on 
specimens  of  highest  curvature. 

In  contrast  to  the  16-hour,  1000°C  behavior,  there 
is  apparently  no  drastic  extension  of  the  oxide  grains 
by  extrusion  on  the  specimen  of  highest  curvature.  Thus, 
no  marked  "dip"  was  developed  in  the  scale  thickness- 
curvature  plot.  However,  this  is  to  be  expected  both  on 
the  basis  of  the  lower  rate  of  scaling  (and  deformation) 
and  the  lower  ductility  of  the  oxide  at  reduced  temperatures. 
In  agreement  with  the  16-hour  1000°C  behavior,  it  was 
found  that  the  scale  thickness  developed  on  flat  specimens 
was  less  than  that  found  on  cylindrical  specimens  oxidized 
under  similar  conditions,  Figure  23.  As  before,  this 
behavior  is  attributed  to  the  lack  of  measurable  under- 
growth formation  on  flat  specimens  and  its  presence  on 
cylindrical  ones. 

The  general  loss  of  scale  adhesion  exhibited  by 
cylindrical  specimens  possessing  curvature  in  excess  of 
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approximately  10  cm”!  is  most  probably  due  to  the  void 
formation  associated  with  a nearly  complete  layer  of  thick 
undergrowth.  Figure  86  shows  that  scales  formed  upon 
high-curvature  specimens  oxidized  for  64  hours  tend  to 
exfoliate,  while  those  formed  upon  either  cylindrical 
specimens  oxidized  for  shorter  times  or  flat  specimens 
oxidized  the  same  amount  of  time  tend  to  be  adherent. 
Neither  of  the  latter  class  of  specimens  exhibit  large 
quantities  of  undergrowth. 

In  the  case  of  hollow  cylindrical  specimens,  the 
proposed  model  predicts  that  scales  formed  on  the  inner 
surfaces  may  be  subjected  to  diminished  circumferential 
compression  resulting  from  the  motion  of  the  oxide. 
Examination  of  oxidized  specimens  indicates  that  the 
grain  structure  developed  on  these  surfaces  remains 
basically  columnar  in  nature  so  that  the  main  effects 
which  arise  would  be  those  due  to  the  grain  boundary 
pressure.  The  precise  stress  state  is  determined  by  the 
relative  rates  of  pressurizing  the  grain  boundaries  and 
the  reduction  of  this  pressure  caused  by  the  oxide 
following  the  retreating  metal-oxide  interface. 

It  is  believed  that  the  scales  formed  on  the 
concave  surfaces  were  subjected  to  smaller  circumferential 
compressive  stresses  than  the  scales  formed  on  the  convex 
surfaces.  In  terms  of  the  proposed  scaling  mechanism  such 
decreased  stresses  would  be  predicted  to  produce  smaller 
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quantities  of  undergrowth  and  therefore  smaller  total 
scale  thicknesses.  The  data  of  Table  5,  for  the  speci- 
mens oxidized  at  900cC,  are  in  accord  with  this  prediction. 
The  effect  of  oxide  extrusion,  which  would  act  in  the  same 
sense,  is  not  believed  to  contribute  because  of  the  reduced 
ductility  of  the  scale  at  this  temperature. 

Oxidation  in  Air  for  64  Hours  at  1000°C  - The  thick- 
ness of  the  scales  formed  on  specimens  oxidized  for  64  hours 
at  1000  C are  nearly  independent  of  curvature  as  shown  in 
Figure  19.  It  should  be  emphasized  that  these  scales  were 
formed  in  an  environment  which  differs  from  that  employed 
in  16  * hour , 1000°C  treatment  (i.e.,  degree  of  atmosphere 
stagnation  and  amplitude  of  temperature  oscillation). 
Comparison  of  tests  7 and  13  of  Table  9 shows  the  pertinent 
differences  involved  and  indicates  that  the  rate  of  oxi- 
dation is  approximately  twice  as  fast  under  the  16-hour 
conditions  (test  13).  This  indicates  that  the  relatively 
small  scale  thickness  developed  upon  those  specimens 
oxidized  for  64  hours  may  be  due  almost  entirely  to 
supposedly  minor  differences  in  environment. 

While  the  general  level  of  the  curve  of  Figure  19 
may  be  attributed  to  environmental  conditions,  its  shape 
cannot.  It  is,  however,  believed  that  the  scale  thickening, 
which  is  nearly  independent  of  specimen  curvature  may  be 
accounted  for  by  the  proposed  oxidation  mechanism. 
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Inspection  of  a number  of  the  specimens  oxidized 
for  64  hours  in  air  at  1000°C  indicated  that  measurable 
amounts  of  undergrowth  had  formed.  Further,  since  this 
feature  was  noted  in  the  case  of  those  specimens  oxidized 
for  16-hours  at  1000°C,  it  is  highly  probable  that  under- 
growth formations  occurred  on  every  cylindrical  specimen 
subjected  to  64-hour  oxidation.  The  faceted  oxide  sur- 
faces shown  in  Figures  62  through  64,  which  would  be 
predicted  under  such  circumstances,  indicate  that  this 
has,  in  fact,  happened.  Thus,  only  a relatively  minor 
variation  of  scale  thickness  with  specimen  curvature  is 
expected,  as  is  observed. 

The  idiomorphic  oxide  crystals,  appearing  as 
sharply  defined  rectangles  or  squares  in  the  surface 
structure,  indicate  that  the  cessation  of  nickel  transport 
into  the  outermost  crystals  occurred  relatively  early  in 
the  oxidation  of  all  specimens.  The  undergrowth  formed 
on  one  of  these  specimens  illustrated  in  the  photomicro- 
graph of  Figure  66,  is  similar  to  that  shown  previously 
for  the  specimens  subjected  to  16  hour,  1000°C  oxidation. 
In  addition,  the  friability  of  the  scale  indicates  that 
the  undergrowth  formed  early  in  the  course  of  oxidation. 

The  minor  trend  for  an  increased  degree  of  surface 
faceting  with  increasing  specimen  curvature  indicates  that 
specimens  of  higher  curvature  formed  undergrowth  earlier 
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in  the  process.  This  behavior,  which  is  in  accord  with 
the  proposed  scaling  mechanism,  is  supported  by  the 
observation  that  specimens  of  higher  curvature  have  less 
adherent  scales,  as  illustrated  in  Figure  87c.  The  pre- 
ceding observation,  coupled  with  the  trend  for  increased 
thickness  of  scale  accompanying  specimens  of  higher  curva- 
ture, indicates  that  some  extrusion  of  the  oxide  grains 
may  have  occurred  in  the  case  of  the  more  constrained 
scales.  These  observations  are  also  in  accord  with 
the  proposed  scaling  mechanism. 

The  diffraction  patterns  shown  in  Figure  67 
indicate  that  a <111>  -type  wire  texture  though  weak, 
does  tend  to  develop.  As  in  the  case  previously  discussed, 
the  texture  is  associated  with  a closely-controled  oxi- 
dizing temperature. 

Oxidation  in  Dried  Oxygen  at  1000°C  - The  thick- 
nesses of  scales  developed  on  cylindrical  specimens  exposed 
to  dried  oxygen  at  1000°C  have  been  determined  as  a function 
of  both  specimen  curvature  and  oxidation  time.  It  was  found 
that  these  scales  exhibit  certain  characteristics  which 
set  them  apart  from  those  produced  in  air  and  which  must 
be  taken  into  account  in  explaining  the  observed  oxidation 
behavior. 


One  such  characteristic  of  primary  importance  is 
the  fact  that  the  stable  oxide  crystallite  size  developed 
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in  oxygen  is  apparently  much  larger  than  that  developed  in 
air.  The  reason  for  this  difference  in  the  size  of  the 
first  stable  crystals  is  not  known;  however,  it  is  sur- 
mised that  the  smaller  oxide  grain  size  associated  with 
air  oxidation  which  arises  as  a result  of  "impurities,"  such 
as  nitrogen  or  water  vapor,  in  some  manner  lowers  the  1 
energy  barrier  associated  with  the  nucleation  of. oxide 
crystallites.  Evidence  that  the  nucleation  process  is  a 
difficult  step  in  oxide  formation  has  been  cited  previously. 

As  a direct  result  of  the  larger  stable  oxide  grain 
size  at  the  metal-oxide  interface,  there  is  less  lattice 
bending  in  the  columnar  crystals  due  to  addition  of 
material  at  oxide  grain  boundaries.  Thus,  the  onset  of 
undergrowth  formation  is  necessarily  delayed.  The  results 
of  scale  thickness  determinations  are  summarized  in  Figure 
31,  which  is  believed  to  illustrate  the  effect  of  delayed 
undergrowth  formation.  The  curvature-thickness  sections 
of  this  surface  for  the  oxidation  time  of  4 hours,  shown 
in  Figure  24,  indicates  that  there  is  almost  no  variation 
in  scale  thickness  with  specimen  curvature.  This  result 
is  expected  on  the  basis  that  the  oxide  grain  boundary 
network  is  insufficiently  deformed  to  produce  appreciable 
thicknesses  of  undergrowth.  In  addition,  because  of  the 
large  stable  oxide  grain  size  the  crystals  must  be 
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relatively  long  before  the  scale  can  develop  a meaningful 
number  of  internal  quadruple  points.  Therefore,  it  appears 
that  the  variation  in  circumferential  constraint  can  only 
produce  varying  degrees  of  oxide  extrusion.  The  minor 
but  consistent  trend  of  increasing  scale  thickness  with 
increasing  specimen  curvature  is  believed  to  arise  from 
this  mode  of  deformation.  Thus,  the  predicted  and  ob- 
served behaviors  are  parallel. 

The  microstructures  shown  in  Figures  68  through  78 
support  the  foregoing  analysis,  based  on  scale  thickening. 
The  upper  photomicrographs  of  each  figure,  representing  the 
scales  developed  on  specimens  oxidized  for  4 hours,  indicate 
that  there  is,  in  general,  only  a minor  systematic  curvature 
dependence  of  the  external  structure  of  the  oxide.  The 
appearance  of  less-distorted  structures,  centered  about 
the  specimen  curvature  value  of  8 cnfl , indicates  the  onset 
of  faceting  and,  therefore,  the  onset  of  undergrowth 
formation.  Such  formation,  however,  was  probably  not 
accompanied  by  the  production  of  scale-traversing  channels 
and  therefore  the  undergrowth  did  not  contribute  markedly 
to  the  scale  thickening.  This  is  in  accord  with  the  idea 
that  only  a very  limited  number  of  quadruple  points  exist 
in  the  scale  at  times  as  early  as  4 hours. 

As  the  oxidation  time  is  increased  to  and  beyond 
16  hours,  more  quadruple  points  become  available  and  the 
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production  of  oxygen  channels  and  subsequently  undergrowth 
thickening  is  possible.  The  effects  which  make  themselves 
evident  are  thought  to  be,  for  the  most  part,  analogous 
to  those  discussed  in  the  case  of  the  specimens  oxidized 
in  air  for  16  hours  at  1000°C.  The  lower  photomicrographs 
of  Figures  68  through  78  show  that  at  this  time  faceting 
has  become  more  advanced  on  the  range  of  specimen  curva- 
tures centered  about  the  value  of  8 cn f*l.  However,  the 
total  surface  rearrangement  has  not  yet  been  achieved 
and  it  is  therefore  believed  that  the  overlying  crystals 
still  serve  as  an  effective  barrier  to  oxygen.  Thus, 
the  effect  of  the  undergrowth  can  only  be  to  diminish 
the  total  scale  thickness  due  to  its  own  limited  thickness. 
The  decrease  in  scale  thickness  illustrated  in  the  thickness- 
curvature  plot  of  Figure  25  is  believed  to  arise  from  this 
barrier  effect.  At  still  higher  specimen  curvatures,  oxide 
extrusion  would  be  predicted,  accompanied  by  an  increase 
in  scale  thickness.  This  is  observed. 

It  should  be  noted  that  the  use  of  dried  oxygen 
as  an  oxidant  also  apparently  retards  the  degree  of  surface 
rearrangement  with  respect  to  that  afforded  by  air.  Thus, 
though  the  surface  of  the  specimen  shown  in  Figure  70b 
appears  to  be  distorted  by  the  growth-induced  deformation, 
Figure  79b  indicates  that  faceting  has  indeed  begun.  The 
latter  figure  clearly  indicates  the  "pushing-out"  of 
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material  in  regions  adjacent  to  oxide  grain  boundaries. 
Comparison  of  the  photomicrographs  of  Figure  90  shows  that 
the  addition  of  water  vapor  alone  to  oxygen  accelerates 
the  rate  of  surface  rearrangement.  Since  water  vapor  is 
always  present  in  the  case  of  air-oxidized  specimens,  it 
becomes  difficult  to  establish  a one-to-one  correspondence 
between  the  external  surface  structures  formed  in  air  and 
those  formed  in  dried  oxygen. 

Figure  30  shows  a summary  of  the  oxidation  time- 
scale  thickness  section  of  Figure  31.  It  is  seen  that  as 
the  specimen  curvature  is  increased,  there  is  a regular 
increase  in  the  initial  rate  of  the  process  (as  indicated 
by  the  initial  slopes  of  the  lines).  In  terms  of  the 
proposed  scaling  mechanism,  this  effect  is  attributed 
to  the  larger  amounts  of  deformation,  in  the  form  of 
oxide  extrusion,  associated  with  the  larger  constraints 

a 

of  the  high-curvature  specimens.  Figure  30  also  shows 
that  flat  specimens  retain  their  initial  parabolic  scaling 
behavior  throughout  the  duration  investigated,  while 
specimens  of  higher  curvature  deviate  earlier  from  their 
initial  parabolic  rate.  This  (negative)  deviation  is 
believed  to  be  due  to  the  formation  of  undergrowth, 

Such  behavior  is  also  in  accord  with  the  proposed  scaling 
mechanism  in  that  it  predicts  earlier  formation  of  under- 
growth as  the  degree  of  deformation  is  increases.  The 
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thickening  of  undergrowth,  on  specimens  of  low  curvature 
is  illustrated  in  the  photomicrographs  of  Figure  80. 

The  scale  adhesion  curves  of  Figure  89  indicate 
a trend  for  increases  "tearing  away"  of  the  scale  both  at 
short  times  and  higher  specimens  curvatures.  Under  these 
conditions,  the  scales  formed  would  be  most  highly  stressed 
and  upon  being  subjected  to  added  mechanical  stresses 
involved  in  the  cooling  and  preparation  operations  would 
therefore  be  most  susceptible  to  exfoliation.  Scales 
formed  over  longer  periods  of  time  would,  on  the  other 
hand,  be  subject  to  less  severe  stresses;  especially  in 
the  advent  of  undergrowth  formation.  The  trend  for  in- 
creased scale  adhesion  at  longer  times,  apparently  in- 
dependent of  specimen  curvature  is,  therefore,  believed 
to  be  a natural  result  of  the  reduced  state  of  stress. 

The  retrograde  behavior  of  the  scaling  rate  shown 
for  the  specimen  of  curvature  12  cm” 1 in  Figures  29  and  30, 
is  believed  to  be  due  to  a special  mode  of  scale  failure 
associated  with  the  high  degree  of  its  constraint.  Metallo- 
graphic  examinations  of  the  scale  produced  after  one  hour 
of  oxidation  indicated  that  small,  apparently  empty 
blisters  formed  on  the  specimen  surface.  In  terms  of  the 
proposed  mechanism,  this  circumstance  would  remove  the 
lateral  constraints,  thereby  precluding  oxide  grain 
extrusion  until  such  time  as  the  blister  caps  faceted 
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and  the  oxygen  supply  was  returned  to  the  floor  of  the 
blister  cavities.  Subsequent  scale  growth  at  those  sites 
could  then  essentially  repair  the  continuity  of  the  scale 
and  provide  the  possibility  of  further  extrusion;  however, 
a delay  in  thickening  would  be  noted,  as  is  observed. 

The  thickness  of  the  scales  developed  on  flat 
specimens  of  various  thickness  was,  as  in  the  case  of 
other  oxidizing  conditions,  found  to  be  smaller  than  that 
developed  on  cylindrical  specimens.  The  curve  of  Figure 
32  indicates  that  the  scale  thickness  goes  through  a 
shallow  minimum  as  the  sheet  thickness  is  decreased.  The 
initial  decrease  in  scale  thickness,  for  larger  specimens, 
is  believed  to  arise  as  a result  of  partitioning  a portion 
of  the  deformation  to  the  underlying  metal,  a concept 
discussed  earlier. 

The  explanation  of  the  trend  for  increased  scale 
thickness  on  the  thinnest  specimens  investigated  is  based 
on  the  assumption  that  three-dimensional  curvature  may  have 
been  induced  in  them  as  a result  of  the  localized  action 
of  stresses  which  arose  during  the  oxidation  process. 

If  such  deformation  took  place,  then  the  scale  on  one  sur- 
face would  have  to  deform  not  only  its  share  of  the  metal, 
but  also  a portion  of  the  oxide  on  the  opposite  surface 
of  the  specimen.  Thus,  the  metallic  phase  would  appear 
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anomolously  strong.  Such  strengthening  would  be  expected 
to  arise  only  in  the  case  of  thinner  specimens  and  would 
increase  the  stress  in  the  scales  formed  on  them,  thereby 
increasing  the  rate  of  oxide  extrusion. 

The  decrease  in  scale  adhesion  with  decreasing 
specimen  thickness  shown  in  Figure  88c  may  be  due  in  part 
to  the  larger  effects  of  thermal  or  mechanical  shock  which 
attends  the  bent  specimens.  This  bending  is,  in  turn, 
thought  to  be  due  to  a change  in  the  mode  of  oxide 
f ormation. 

Figures  81  and  82  illustrate  that,  as  the  thick- 
ness of  the  metallic  specimen  is  decreased  to  a point  where 
the  reciprocal  thickness  of  the  metal  has  a value  of  approxi- 
mately 30  crrf”l,  its  external  appearance  is  relatively 
unchanged.  However,  scales  formed  on  thinner  specimens 
exhibited  the  relatively  thin  "islands"  of  oxide  shown  in 
Figure  83a.  Their  distribution  on  the  specimen  surface, 
shown  at  lower  magnification  in  Figure  83b,  suggests 
localized  bending  of  the  scale  may  well  occur  due  to  oxide 
deformation  occurring  more  readily  between  the  "islands" 
than  in  the  "islands"  themselves. 

The  photomicrographs  of  Figures  83  and  84  further 
indicate  that  the  "islands"  may  be  strongly-oriented 
overgrowths  or  single  crystals  of  nickel  oxide.  The 
crystallographic  deformation  markings  present  in  the 
photomicrograph  of  Figure  84b,  support  this  view.  Since 
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this  thinnest  specimen  was  drastically  deformed  during 
fabrication  (98  per  cent  by  cold  rolling)  it  is  believed 
that  a strong  texture  has  been  developed  in  the  metal 
prior  to  oxidation.  Under  such  conditions,  the  develop- 
ment of  an  oriented  overgrowth  of  nickel  oxide  by  sub- 
sequent oxidation  seems  plausible. 

The  stress  state  predicted  for  the  case  of  hollow 
cylindrical  specimens  has  been  discussed  earlier  and  the 
possibility  of  reducing  the  circumferential  compressive 
stress  in  the  scale  formed  on  the  concave  surface  has 
been  introduced.  At  10CC,oC  the  rate  of  retreat  of  the 
oxide  may  be  sufficiently  high  to  produce  enlarged 
oxygen  channels.  If  this  occurred  it  would  result  in 
rapid  transport  of  both  nickel  and  oxygen  through  the 
scale  region  and  production  of  a thick  undergrowth.  Both 
the  increased  amount  of  scale  formed,  shown  in  Table  5, 
and  the  oxygen-rich  character  of  the  scale,  as  determined 
metal 1 ©graphically  by  coloration,  support  the  hypothesis 
that  the  rate  of  oxygen  transport  is  abnormally  high. 

4.63  Macroscopic  Deformation 

Deformation,  which  was  believed  to  have  occurred 
as  a direct  result  of  oxidation  was  noted  in  the  case  of 
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cylindrical  and  flat  specimens,  as  well  as  those  fabricated 
into  special  shapes.  In  all  instances,  the  overall  results 
obtained  may  be  interpreted  in  teTms  of  the  postulated 
scaling  mechanism.  It  should  be  noted  that  these  observed 
deformations  cannot  be  attributed  to  the  effect  of  oxygen 
solution  in  the  metal  due  to  both  the  extremely  low 
solubility  of  oxygen  in  nickel  (36)  and  the  fact  that  the 
commercial  grade  of  material  used  was  probably  already 
saturated  with  oxygen. 

Cylindrical  Specimens  - It  was  found  that  specimens 
fabricated  from  hot-rolled  Nickel-270  rod  changed  in  length 
upon  heating  in  dried  oxygen  for  5 minutes  at  1000°C.  This 
dimensional  change,  shown  in  Figure  33,  is  believed  to  have 
arisen  solely  as  a result  of  relaxation  effects  associated 
with  the  residual  stress  distribution.  Calculations  in- 
dicated that  such  deformation  could  not  have  occurred  as  a 
result  of  stresses  developed  in  the  metal  by  the  postulated 
grain  boundary  pressure  since,  for  the  short  time  involved, 
deformation  arising  from  this  cause  would  have  been  nearly 
unobservable  with  the  measuring  techniques  employed  herein. 

Figure  34  shows  that  there  is,  in  general,  an 
axial  extension  of  cylindrical  specimens,  with  respect  to 
the  length  change  incurred  after  the  first  5 minutes  of 
oxidation  at  1000°C,  when  the  oxidation  time  is  extended 
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to  periods  of  the  order  of  hours.  The  magnitude  of  these 
extensions  is  commensurate  with  that  which  would  be  pre- 
dicted on  the  basis  of  the  existence  of  a grain  boundary 
pressure  of  1500  psi.  Measurement  of  specimens  oxidized 
for  4 hours  showed  that  the  lengthening  was  somewhat 
erratic  in  that  both  very  large  expansions  and  a few 
contractions  were  noted.  The  reason  for  this  behavior 
is  uncertain;  however,  it  may  be  associated  with  some 
type  of  metallic  grain  rearrangement  (growth)  process. 

The  elongations  noted  for  the  16-hour  specimens  correspond 
more  closely  to  the  values  predicted  by  calculations  based 
on  the  general  method  of  Appendix  3.  The  degree  of  agree- 
ment, shown  in  Figure  107,  is  thought  to  be  satisfactory 
in  view  of  the  possible  effects  in  specimen-to- specimen 
variation  which  may  have  arisen. 

The  interrupted  oxidation  tests,  which  were  per- 
formed using  single  specimens,  with  the  idea  of  eliminat- 
ing such  variations,  exhibited  elongations  which  are  in 
very  good  agreement  with  the  calculated  values  of  extension. 
The  calculated  and  observed  values  are  shown  superimposed 
in  Figures  108  and  109  for  specimens  of  curvature  6 and 
8 cm- 1 , respectively.  Liberty  has  been  taken  to  shift 
the  ordinate  of  the  theoretical  curve  shown  in  Figure  109 
in  order  to  discount  the  initial  short-term  variation  of 
unknown  origin.  The  divergence  of  the  experimental  points 
for  the  theoretical  curves  at  longer  oxidation  times  is 
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Figure  107:  Comparison  of  observed  and  calculated  values 

of  the  axial  extension  of  cylindrical  speci- 
mens oxidized  for  16  hours  at  1000°C  in 
dried  oxygen. 
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Figure  108:  Comparison  of  calculated  and  observed  axial  length  change 

as  a function  of  time  for  a cylindrical  specimen  of  curva 
ture  6 cm  1 subjected  to  interrupted  oxidation  at  1000°C. 
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to  be  expected  on  the  basis  of  undergrowth  formation  since, 
after  its  occurrence,  the  outermost  crystals  no  longer  may 
provide  the  grain  boundary  pressure  necessary  for  con- 
tinued extension.  The  calculations  upon  which  the 
theoretical  curves  are  based  did  not  take  into  account  the 
effects  due  to  this  phenomenon.  It  may  be  noted  that 
the  divergence  between  calculated  and  observed  elongation 
values  occurs  earlier  in  the  case  of  the  specimen  possess- 
ing higher  curvature.  This  behavior  is  interpreted  in 
terms  of  the  proposed  scaling  mechanism  as  being  due  to 
earlier  undergrowth  formation  on  the  specimen  of  higher 
curvatures . 

Flat  Specimens  - The  flat  specimens  oxidized  for 
16  hours  at  1000°C  in  dried  oxygen  also  exhibited  exten- 
sion upon  oxidation  subsequent  to  a short-time  vacuum 
heat  treatment  at  1000°C.  The  thickness  dependence  of 
their  extension  was  employed  in  the  calculation  of  the 
magnitude  of  the  grain  boundary  pressure.  The  values 
of  extension,  given  in  Table  6,  are  believed  to  be  most 
reliable  in  the  case  of  the  two  specimens  of  intermediate 
thickness.  The  possibility  of  bending  of  the  smaller 
specimen,  due  to  its  unique  mode  of  scale  formation,  is 
believed  to  cause  an  anomalous  reduction  in  its  exten- 
sion. Measurement  of  the  thickest  specimen  used  is 
less  certain  due  to  difficulties  associated  with  the 
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alignment  of  its  reference  holes  with  the  axis  of  the 
optical  comparator. 

Helical  Specimens  - The  deformation  data  for 
helical  specimens,  oxidized  at  1000°C  in  air,  are  given  in 
Table  7.  Their  tendency  to  decrease  in  diameter  or 
"wind-up"  is  in  qualitative  agreement  with  the  proposed 
stress  state  in  the  oxide.  The  external  surfaces  of  the 
helices  are  essentially  segments  of  convex  cylinders, 
while  their  inner  surfaces  are  concave.  Thus,  the  stresses 
due  to  constraint  would  be  expected  to  be  compressive  on 
the  outer  surface  and  tensile  on  the  inner  surface.  The 
addition  of  a constant  compressive  stress,  due  to  the 
grain  boundary  pressure,  to  this  system  of  stresses  does 
not  change  their  relative  values.  The  couple  so  formed 
would  tend  to  wrap  the  helices  tighter  as  is  observed. 

Right-Angle  Bend  Specimens  - The  observed  tendency 

\ 

for  bent  sheet  stock  to  deform  during  air  oxidation  at 
1000°C  so  as  to  diminish  the  angle  between  its  unbent 
portions  is  explained  on  the  same  basis  as  was  employed 
in  the  case  of  helical  specimens.  Since  the  scale  thickness 
developed  on  these  specimens  is  roughly  independent  of 
sheet  thickness,  the  observed  tendency  for  increased 
bending  with  decreased  sheet  thickness  is  also  expected. 

The  time  dependence  of  this  bending,  shown  in  Figure  37 
for  the  case  of  a single  specimen  oxidized  in  air  at 
1160°C,  indicates  that  the  scaling  process  alone  is 
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responsible  for  the  deformation  since  the  deformation 
suffered  follows  a parabolic  law  just  as  the  scale  forma- 
tion would  be  expected  to  do. 


4.64  Special  Experiments 

Several  oxidation  experiments  of  limited  scope 
were  performed  in  order  to  gain  supplementary  information 
about  the  oxidation  process.  Each  of  these  involved  either 
the  addition  of  some  new  variable  to  the  procedure  or  the 
extension  of  a previously  used  parameter.  Experimental 
techniques  included:  mechanical  application  of  leads 

during  oxidation,  varying  the  time-temperature  profile 
of  the  environment,  and  varying  the  secondary  constituents 
of  the  oxidizing  gas.  For  those  cases  wherein  an  inter- 
pretation is  possible  in  terms  of  the  proposed  scaling 
mechanism,  there  is  found  to  be  a qualitative  agreement 
between  predicted  and  observed  behavior. 

Mechanical  Loading  - Application  of  an  axial  load 
during  oxidation  would  be  expected  to  decrease  the  magni- 
tude of  the  axial  compressive  stress  (due  to  grain  boundary 
pressure)  and  increase  the  magnitude  of  the  circumferential 
stress  in  the  scales  formed  on  solid  cylindrical  specimens. 
Thus,  the  octahedral  stress  in  the  scale,  which  determines 
the  degree  of  plastic  flow,  remains  nearly  constant.  No 
drastic  change  in  the  scaling  behavior  is  to  be  expected 
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from  this  mode  of  loading  as  long  as  the  magnitude  of  the 
applied  stress  is  less  than  the  magnitude  of  the  grain 
boundary  pressure.  The  data  of  Table  9 indicate  that 
steady  application  of  superimposed  axial  tensile  stresses 
of  up  to  1000  psi  have  little  effect  on  the  scale  thicken- 
ing process  at  900°C.  An  attempt  to  exceed  this  level  of 
stress  resulted  in  failure  of  the  metal  by  stress-rupture 
before  the  required  oxidation  time  could  be  attained. 

Thermal  loading  - A more  positive  demonstration 
of  the  effect  of  stress  on  the  scale  thickening  process 
may  be  found  in  an  analysis  of  the  results  of  the 
environmental  tests  given  in  Table  8.  In  these  cases, 
stresses  whose  origin  was  thermal  in  nature  were  added  to 
those  already  present  as  a result  of  the  oxidation  pro- 
cess. Data  conerning  the  linear  thermal  coefficients  of 
expansion  of  nickel  and  nickel  cxide  indicate  that  at 
1000°C  they  differ  by  approximately  3xlC— ^^n//in/°C , 
with  the  coefficient  for  the  metal  being  larger  (33,  35 ) . 

If  it  is  assumed  that  all  of  the  deformation  due  to 
differential  thermal  expansion  occurs  in  the  scale, 
then  a change  of  one  degree  centigrade  will  produce  a 
stress  of  approximately  60  psi  in  the  scale.  Upon  cooling, 
this  stress  will  increase  the  magnitude  of  those  compressive 
stresses  postulated  to  be  present  in  the  oxide  due  to  the 
oxidation  process;  whereas  heating  will  decrease  their 
magnitude . 
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It  was  found  that  sinusoidal  thermal  fluctuations 
did  not  affect  the  scaling  behavior  in  air  at  1000°C 
unless  their  amplitude  was  greater  than  approximately 
2°C,  corresponding  to  an  approximate  alternating  stress 
of  120  psi.  Thus,  it  appears  that  relatively  rapid 
variations  in  stress  may  be  absorbed  if  their  amplitude 
is  small  and  if  little  time  is  allowed  for  deformation 
to  take  place.  The  results  of  tests  10  through  12  shown 
in  Table  8,  however,  indicate  that  prolonged  cooling 
accelerates  scale  growth  even  when  the  amplitude  of  the 
fluctuation  is  as  small  as  1 1/2°C,  while  prolonged 
heating  has  a smaller  effect  when  the  amplitude  is  twice 
as  great.  These  observations,  which  emphasize  the  im- 
portance of  the  role  of  deformation  in  the  scaling  process, 
may  be  rationalized  on  the  basis  of  the  postulated  stress 
system. 

Under  conditions  of  slow  cooling,  the  magnitude  of 
all  stresses  are  increased  and  some  'additional  deformation 
evidently  takes  place  in  this  case,  whereas  it  did  not  in 
the  case  of  the  more  rapid  sinusoidal  fluctuations.  If 
an  accelerated  rate  of  scale  deformation  is,  in  turn, 
associated  with  an  earlier  formation  of  undergrowth  and 
an  increased  supply  of  oxygen  to  it,  then  the  observed 
increase  in  scale  thickness  would  be  expected.  The  slow 
heating  and  rapid  cooling  of  the  3 l/4°C-amplitude  wave 
would  be  expected  to  first  slowly  decrease  the  magnitude 
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of  the  stresses  and  then  rapidly  increase  them.  Thus, 
the  first  portion  of  the  thermal  wave  has  no  accelerating 
effect  on  the  scaling  process  because  it  is  reducing 
stresses  and  the  second  (cooling)  portion  has  a smaller 
than  proportional  effect  because  only  a short  time  is 
allowed  for  deformation  phenomena  to  act. 

It  should  be  noted  that  calculations  based  on  heat 
transfer  equations  indicate  that  the  thermal  phase  lag  is 
negligible  with  respect  to  the  period  of  the  thermal 
oscillations  employed.  Thus,  the  implicit  assumption 
used  here  that  the  metal  and  oxide  are  thermally  "in 
phase"  is  valid  to  a very  good  approximation. 

Composition  of  the  Oxidizing  Qas  - One  of  the 
more  striking  features  associated  with  the  oxidation 
of  nickel  is  the  variation  in  the  size  of  the  initial 
stable  oxide  grains  which  may  be  produced  by  secondary 
constituents  present  in  the  oxidizing  atmosphere.  The 
reduction  in  size,  promoted  by  the  presence  of  water 
vapor  and/or  nitrogen  has  been  cited  previously. 

In  terms  of  the  proposed  scaling  mechanism,  a 
reduction  in  grain  size  should  lead  to  earlier  formation 
of  the  undergrowth  layer  due  to  the  increased  severity 
of  the  deformation  associated  with  the  addition  of 
material  at  oxide  grain  boundaries.  Relatively  early 
undergrowth  formation  in  air-formed  scales,  with  respect 
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to  oxygen-formed  scales  has  been  observed.  The  photo- 
micrographs of  Figures  51b  and  80a,  for  air-  and  oxygen- 
formed  scales,  respectively,  illustrate  this  effect.  It 
may  be  noted  that  these  different  oxide  microstructures 
were  developed  under  conditions  which  were  nearly  identi- 
cal except  for  the  presence  of  the  secondary  constituents 
associated  with  the  oxidation  in  air. 

Impurities  in  the  atmosphere  surrounding  the 
specimen  may  also  either  be  dissolved  into  the  oxide 
lattice  or  may  in  some  manner  alter  the  rate  of  reaction 
at  the  oxide  surface.  Since  the  rate  of  transport  of 
nickel  through  the  oxide  is  determined  by  the  vacancy 
concentration  within  it,  which  is,  in  turn,  strongly 
dependent  on  the  presence  of  impurities,  both  the  surface 
structure  and  thickness  of  the  scale  could  be  altered 
by  impurities.  Results  of  the  environmental  tests  in- 
dicate that  for  the  case  of  specimens  oxidized  in  air  at 
1000°C  one  or  more  rate-accelerating  impurities,  associated 
with  the  "JM-20"  firebrick  were  present.  The  relatively 
large  values  of  scale  thickness  support  the  contention 
that  the  observed  behavior  is  due,  in  part,  to  effects  of 
impurities.  Others  have  noted  that  normally  encountered 
impurities  usually  accelerate  the  oxidation  of  nickel 
(9,  32). 
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Comparison  of  the  oxide  surface  structures 
developed  on  specimens  during  oxidation  in  air  and  dried 
oxygen,  as  well  as  results  of  the  environmental  tests 
showed  that  water  and  vapor  and/or  nitrogen  also  play  an 
important  role  in  accelerating  the  production  of  an  equili- 
brium surface  structure.  In  most  cases,  specimens  oxidized 
in  air  exhibit  faceted  oxide  grains,  vyhile  those  treated 
in  dried  oxygen  usually  exhibit  surface  distortion.  This 
indicates  that  the  "impurity"  gases  associated  with  air 
tend  to  accelerate  the  transport  of  material  on  the  sur- 
face of  nickel  oxide  with  respect  to  the  transport  which 
is  associated  with  the  presence  of  oxygen  alone. 

4 . 7 Interpretation  of  Results  of  Other  Investigations 

The  proposed  mechanism  for  the  thickening  of  scales 
during  the  oxidation  of  nickel  must,  of  course,  be  compat- 
ible with  results  obtained  by  other  investigators  who  have 
studied  this  material.  In  addition,  it  should  apply  to 
the  oxidiation  of  other  single  metals  which  form  scales 
by  transport  of  the  metallic  species  through  the  oxide 
layer.  Thus,  one  would  expect  that  the  scaling  of  cobalt, 
iron,  and  copper,  for  example,  would  be  amenable  to  des- 
cription by  this  mechanism  if  differences  in  the  mechanical 
and  physicochemical  properties  of  the  metal  oxides  involved 
are  taken  into  account.  Beyond  this,  however,  there  appears 
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to  be  limited  amount  of  evidence  which  indicates  that 
the  proposed  scaling  mechanism  has  f4irly  general 
applicability. 

The  purpose  of  this  portion  of  the  discussion 
is  therefore  to  attempt  to  demonstrate  the  overall 
applicability  of  the  mechanism  which  has  been  suggested. 
There  are  certain  difficulties  which  attend  the  performance 
of  such  an  analysis  due  to  the  fact  that  most  of  the 
available  information  is  in  the  form  of  volumetric  or 
gravimetric  data.  The  nearly  universal  practice  of  using 
flat  sheet  material  for  oxidation  specimens  is,  however, 
one  simplifying  factor.  In  view  of  the  lack  of  specific 
observations  concerning  oxide  composition,  plasticity, 
and  microstructure,  part  of  what  follows  is  necessarily 
speculative  in  nature. 

4.71  The  Oxidation  of  Nickel 

In  the  early  stages  of  oxidation  and  subsequent 
to  the  occurrence  of  certain  short-time  effects,  the 
scale  developed  on  nickel  specimens  exposed  to  either 
oxygen  or  air,  at  temperatures  ranging  from  400  to  1200°C, 
has  been  found  to  grow  parabolically  (5_1,  74,  75).  However, 
as  the  time  of  oxidation  is  extended  to  the  order  of  tens 
of  hours,  several  aspects  of  the  scaling  behavior  appear 
which  seemingly  cannot  be  explained  on  the  basis  that  the 
only  process  occurring  is  the  unidirectional  transport  of 


nickel . 
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Several  investigators  have  found  that  two  layers 
of  scale  developed  on  nickel  when  the  duration  of  oxidation 
is  sufficiently  long  at  temperatures  of  800  to  1200°C 
(2,  53,  55).  Further,  it  was  noted  that  the  rate  of  scale 
formation  which  attends  the  production  of  this  layer  is 
lower  than  the  initial  rate  (55).  In  terms  of  the  pro- 
posed scaling  mechanism,  the  appearance  of  the  second  oxide 
layer,  noted  by  these  investigators,  corresponds  to  under- 
growth formation,  while  the  reduction  in  scaling  rate  is 
a natural  consequence  of  the  dormant  oveilying  crystals 
acting  as  a barrier  to  the  oxygen  supply  of  the  undergrowth 
crystals . 

The  appearance  of  platimum  markers,  in  some  cases 
found  between  the  scale  layers  (48,  55),  is  also  inter- 
pretable on  the  basis  of  what  has  been  proposed  herein. 
Prior  to  undergrowth  formation,  a marker  would  be  expected 
to  be  located  at  the  metal-oxide  interface  since  the  oxide 
initially  forms  by  relatively  rapid  diffusion  of  nickel 
in  regions  immediately  surrounding  it.  However,  the 
proposed  slow  lateral  growth  of  the  underlayer  would  tend 
to  allow  time  for  oxygen  penetration  through  and  beneath 
the  marker  and  subsequently  could  thrust  it  from  the 
metal  surface.  Alternatively,  the  marker  could  be  bodily 
lifted  from  the  metal  surface  by  the  first-formed  crystals 
as  they  were  being  thrust  away  from  the  metal  surface  by 
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the  lateral  motion  of  the  undergrowth.*  In  either  case, 
the  marker  would  appear  between  the  two  zones  of  oxide, 
as  observed. 

Measurements  of  activation  energies  for  the  oxi- 
dation of  nickel  also  tend  to  support  the  proposed  view- 
point that  oxygen  penetration  of  the  scale  layer  is  time 
dependent.  The  results  of  several  studies  concerning 
the  air  oxidation  of  nickel  indicate  that  the  activation 
energy  for  the  process  varies  from  approximately  60  to  30 
k-cal/mole  (32)  while  careful  measurements  of  the  diffusion 
of  nickel  through  nickel  oxide  crystals  show  that  the 
activation  energy  is  approximately  60  k-cal/mole  (76). 

These  data  indicate  that  the  diffusion  of  nickel  sets 
the  upper  bound  of  the  activation  energy  which  describes 
the  oxidation  process.  It,  therefore,  appears  likely 
that  the  proposed  entrance  of  oxygen  through  the  scale 
is  responsible  for  the  observation  of  lower  activation 
energies.  Thus,  the  variation  in  observed  activation 
energies  may  be  interpreted  on  the  basis  of  varying 
amounts  of  undergrowth  formation.  Commonly  used  rate- 
determining  techniques,  such  as  those  based  on  gravimetric 
or  volumetric  measurements,  which  integrate  the  scaling 


*The  first-formed  cyrstals,  being  thus  separated 
from  the  metal  could  exert  no  growth  thrust  (pressure)  on 
the  marker. 
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behavior  over  the  entire  specimen  surface,  would  therefore 
be  especially  prone  to  provide  misleading  information. 

Other  observations  concerning  the  nature  of  the 
scale  are  more  readily  explained  on  the  basis  of  the  postu- 
lated grain  boundary  pressure.  Thus,  the  wrinkling  of  thin 
oxide  scales,  upon  careful  chemical  removal  of  the  nickel 
substrate,  has  been  attributed  to  compressive  stresses  in 
the  film  (25).  In  addition,  the  observation  that  scales 
formed  on  nickel  sheet,  subsequently  bent  at  room  temperature 
exfoliate  from  the  compression  side  of  the  bend  zone,  but 
not  from  the  tension  side  (35),  indicates  that  a lateral 
compression  exists  in  the  scale.  Since  the  thermal 
stresses  associated  with  cooling  are  small,  both  of  these 
observations  are  in  qualitative  agreement  with  the  exist- 
ence of  a grain  boundary  pressure. 

The  grain  boundary  pressure  may  be  diminished, 
or  eradicated  if  the  external  supply  of  oxidant  is  sudden- 
ly removed  subsequent  to  the  development  of  a scale 
composed  of  columnar  oxide  grains.  It  is  postulated 
that,  under  such  conditions,  material  may  be  transported 
more  readily  across  oxide-oxide  grain  boundaries  resulting 
in  an  increased  oxide  grain  size.  Upon  return  of  the 
oxidant,  the  restabilized  grain  boundary  area  served  by 
it  would  have  been  reduced,  and  according  to  what  has  been 
proposed  previously,  the  rate  of  oxygen  consumption  by  the 
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scale  would  similarly  be  reduced  (since  oxygen  is  necessar- 
ily consumed  in  establishing  the  grain  boundary  pressure). 

In  a recent  experiment,  the  oxidation  of  a nickel- 
copper  alloy  at  800°C  was  interrupted  by  evacuating  the 
surroundings  and,  upon  return  of  the  oxidant,  it  was 
found  that  the  rate  of  oxidation  was  diminished  (77). 
Although  an  alloy  other  than  pure  nickel  was  used  in  this 
investigation,  the  surface  scale  was  found  to  be  nickel 
oxide;  therefore,  the  rate  of  decrement  should  be 
explicable  on  the  basis  of  the  behavior  of  nickel  oxide. 

It  is  believed  that  the  consideration  involving  a de- 
crease on  the  grain  boundary  area,  presented  above,  may 
be  applicable  in  this  case.  Similar  experiments,  in- 
volving other  oxidizing  metals,  will  be  cited  later  in 
the  text. 

There  are,  as  might  be  expected,  certain  observa- 
tions which  appear  to  be  more  difficult  to  justify  in 
terms  of  what  has  been  proposed.  Thus,  although  the 
observation  of  oxide  whiskers  or  platelets  growing  normal 
to  the  surface  of  scales  is  suggestive  of  extrusion  via 
lateral  compression  of  the  oxide;  their  development  at 
temperatures  near  500°C  (78)  by  this  mechanism  is 
questioned,  since  oxide  extrusion  at  500°C  seems  improbable. 
The  proposed  mechanism  does,  however,  offer  a qualitative 
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explanation  of  some  of  the  more  widely  observed,  and 
heretofore  anomalous,  consequences  of  scale  formation 
on  unalloyed  nickel.  Further,  and  most  important,  it 
retains  the  time-proven  concept  that  the  earlier  stages 
of  oxidation  may  be  described  by  the  parabolic  rate  law. 

4.72  The  Oxidation  of  Other  Metals 

It  appears  that  the  proposed  scaling  mechanism 
may  have  rather  general  applicability  in  the  field  of 
high-temperature  oxidation  of  metals  if  one  considers  the 
oxidation  of  all  metals  to  proceed  basically  by  metal- 
ion transport  through  the  oxide  lattice.  This  concept, 
which  is  contrary  to  the  consensus  existing  at  this  date, 
implies  that  observations  indicative  of  lattice  diffusion 
of  oxygen  are,  in  fact,  due  to  the  consequences  of 
extended  metal-ion  diffusion.  In  terms  of  the  proposed 
mechanism,  such  observations  may  be  rationalized  on  the 
basis  of  undergrowth  formation  and  the  presence  of  oxygen 
in  the  grain  boundary  network  of  the  scale.  In  the 
discussion  which  follows,  it  will  be  assumed  that  the 
specimen  geometry  is  planar  and  that  the  scales  involved 
are  composed  of  columnar  oxide-crystals,  as  was  observed 
herein.  The  latter  assumption  is  probably  valid  in  all 
but  very  special  instances  since  the  necessary  anisotropic 
growth  persists  in  most  crystalline  substances. 
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In  terms  of  the  proposed  scaling  mechanism,  the 
precise  physical  or  geometric  form  of  the  reaction  product, 
which  subsequently  may  govern  the  rate  of  reaction,  depends 
upon  the  degree  of  advancement  of  the  scaling  process. 

This,  in  turn,  may  be  artifically  divided  into  three 
major  classes: 

1)  A small  degree  of  advancement  would  character- 
ize scales  which  either  did  not  contain  quadruple  points  cr 
scales  which,  though  containing  quadruple  points  were 
insufficiently  deformed  such  that  undergrowth  did  not  occur. 
In  either  case,  one  would  expect  to  observe  a protective, 
parabolic  scaling  behavior. 

2)  A medium  degree  of  advancement  would  describe 
those  scales  wherein  undergrowth  formation  had  occurred; 
but,  to  the  exclusion  of  severe  faceting.  Under  such 
conditions,  one  would  expect  to  observe  some  slower-than- 
parabolic  scaling  rate  law  and  the  nature  of  the  scale 
would  be  expected  to  remain  protective. 

3)  A large  degree  of  advancement  would  describe 
those  scales  wherein  faceting  was  so  severe  that  the 
supply  of  the  oxidant  to  the  undergrowth  was  equivalent 
to  that  of  the  surroundings.  Under  such  conditions,  one 
would  expect  to  find  a f aster-than-parabolic  rate  law  and 
oxide  formation  would  probably  be  observed  to  proceed  in 
a linear,  or  non-protect ive  manner. 
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In  order  to  extend  the  scaling  mechanism  proposed 
for  nickel  to  other  metals,  one  must  take  into  consideration 
various  qualities  associated  with  the  scale.  Each  of  the 
following  would  be  of  major  importance: 

1)  The  size  of  the  initial  stable  oxide  crystal- 
lites. 

2)  The  degree  of  opacity  of  the  oxide-oxide  grain 
boundary  to  metal  transport. 

3)  The  relative  ability  of  oxygen  to  penetrate 
into  the  grain  boundaries. 

4)  The  magnitude  of  the  grain  boundary  pressure. 

5)  The  mechanical  properties  of  the  oxide. 

Although  this  list  may  be  somewhat  formidable  with 
respect  to  quantitative  prediction  of  behavior,  there  is 
a single  qualitative  trend  which  is  believed  to  persist 
throughout.  That  is,  any  given  metal-oxide  system  should 
exhibit  a scale  which  increases  in  its  degree  of  advance- 
ment as  the  oxidizing  temperature  is  increased.  Such  a 
trend  has,  in  fact  been  found  in  that  most  oxidizing 
metals  exhibit  protective  scaling  behavior  at  low 
temperatures  while  their  scales  become  non-protective 
at  higher  temperatures.  A tabular  summary  of  the  temper- 
ature dependence  of  the  protectivity  is  given  in  Table 
34  of  Appendix  1. 
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The  remainder  of  this  section  is  devoted  to  a 
short  summary  of  the  scaling  behavior  of  several  metals, 
interpreted  on  the  basis  of  an  extension  of  the  proposed 
scaling  mechanism  for  nickel.  Most  of  the  information 
about  to  be  presented  has  been  taken  from  summary  articles 
in  the  field  of  oxidation  (3,  17).  The  references  cited 

t 

below  have  been  employed  to  supplement  them  as  deemed 
necessary. 

Alkali  Metals  - Most  of  the  data  available  on  the 
oxidation  of  the  alkali  metals  appear  to  be  qualitative 
in  nature.  All  of  the  Group  I A metals  have  been  observed 
to  oxidize  linearly  in  air  at  room  temperature,  and  for 
many  years  this  behavior  has  been  ascribed  to  the  fact 
that  the  Pilling-Bedworth  ratio  for  these  metal-oxide 
systems  is  less  than  unity.  More  recent  investigations, 
however,  have  shown  that  protective  oxides  may  be  formed 
upon  sodium,  potassium,  and  rubidium  if  the  oxidation 
reaction  is  carried  out  at  lower  temperatures. 

It  has  been  found  that  impurities  in  the  metal 
apparently  play  a major  role  in  the  oxidation  behavior. 
Sodium,  for  example,  will  oxidize  in  a protective  manner 
in  moist,  room-temperature  air  if  the  metal  is  sufficiently 
pure;  but,  will  oxidize  linearly  if  less  pure.  In  addition, 
it  has  been  found  that  purified  sodium  will  form  an 
initially  protective  scale  in  an  atmosphere  of  dry  oxygen 
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at  temperatures  as  high  as  48 °C,  whereat  bulk  diffusion 
appears  to  be  the  rate-controlling  process  ( 10 ) . 

In  terms  of  the  proposed  scaling  mechanism,  these 
observations  indicate  that  the  oxide  grain  size  is  pro- 
bably very  small  and  that  it  is  reduced  by  the  presence 
of  impurities.  The  long-time  "break-away"  behavior 
exhibited  by  thin  scales  formed  on  sodium  (10),  suggests 
that  relatively  high  concentrations  of  oxygen  are  avail- 
able in  the  grain  boundaries  of  the  scale.  It  is  postu- 
lated that  the  "break-away"  stage  represents  a thickening 
of  the  undergrowth  and  subsequent  exfoliation  of  the 

ormed  crystals  accompanied  by  formation  of  a new 
layer  undergrowth.  Such  a process,  if  it  occurred  at 
different  times  on  different  portions  of  the  specimen 
surface,  would  lead  to  the  observed  non-protective 
behavior . 

Copper  - The  oxidation  of  copper  is  believed  to 
proceed  by  the  transport  of  copper  through  a scale  composed 
basically  of  CU2O  which  may  possess  an  outermost  layer  of 
CuO.  At  temperatures  between  200  and  1000°C  the  oxidation 
of  copper  proceeds  by  an  essentially  parabolic  process; 
however,  it  has  been  noted  that  a cubic  (slower)  rate  law 
may  also  apply.  In  addition  the  scale  thickness  developed 
on  copper  has  been  found  to  increase  parabolical ly  at 
temperatures  between  600  and  800  C for  approximately  20 
hours  and  subsequently  approach  a limiting  value  of 
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thickness  (79).  This  behavior  is  analogous  to  that 
exhibited  by  nickel  and  it  is  therefore  believed  that 
the  slowing  of  parabolic  growth  indicates  that  under- 
growth formation  has  been  initiated  as  would  be  predicted 
by  the  proposed  scaling  mechanism. 

Observations  concering  the  deformation  6f  copper 
helicies  may  be  interpreted  in  terms  of  either  a lateral 
stress  in  the  scale  layer  or  a hydrostatic  tension  in 
the  metallic  phase  arising  from  a "smeared"  vacancy 
distribution  (29,  30).  The  postulated  grain  boundary 
pressure  is  believed  to  provide  the  stress  responsible 
for  the  observed  deformations.  Further  evidence  for 
applicability  of  the  proposed  scaling  mechanism  to  copper 
lies  in  the  observation  that  the  rate  of  oxidation  is 
diminished  as  a result  of  "aging"  copper  oxide  scales 
in  inert  atmospheres  (80).  As  in  the  case  of  nickel 
oxide,  a recrystallization  or  "healing"  of  the  scale 
appears  to  occur. 

Beryllium  - The  scaling  of  beryllium  is  believed 
to  proceed  by  the  outward  diffusion  of  the  metal  through 
BeO.  Parabolic  oxidation  is  observed  for  times  up  to 
2 hours  for  temperatures  in  the  range  350  to  950°C.  A.t 
temperatures  between  500  and  750°C  the  rate  of  reaction 
was  found  to  decrease  if  the  oxidation  time  was  extended 
to  the  order  of  hundreds  of  hours  (jU).  On  the  basis  of 
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what  has  been  proposed,  this  is  interpreted  as  being  due 
to  the  onset  of  undergrowth  formation.  At  750°C,  a minor 
amount  of  Mbreak-away"  behavior  in  the  scaling  rate  was 
noted  (81).  It  is  suggested  that  this  is  due  to  local 
exfoliation  of  the  first-formed  crystals  and  subsequent 
enrichment  of  the  oxygen  supply  to  the  crystals  of  the 
undergrowth  lying  directly  beneath  them. 

Magnesium  - The  scaling  behavior  of  magnesium  is 
generally  believed  to  proceed  by  diffusion  of  magnesium 
through  mgO  and  protective  oxidation  behavior  has  been 
noted  at  temperatures  up  to  approximately  400°C.  At 
temperatures  in  the  neighborhood  of  450°C,  paralinear 
oxidation  has  been  noted.  In  terms  of  what  has  been 
proposed,  this  indicates  localized  undergrowth  formation 
and  exfoliation  of  the  original  oxide  crystals.  Above 
approximately  500  C,  oxidation  proceeds  in  a non-protec- 
tive  (linear)  fashion  and  at  approximately  575°C  the 
initial  linear  rate  increases  markedly  after  approxi- 
mately 2 hours  of  oxidation  (82).  Others  have  attributed 
this  latter  behavior  to  sublimation  of  the  metal  through 
scale-traversing  cracks  in  the  oxide  and  subsequent 
ignition.  However,  cracking  per  se  would  seemingly 
require  the  production  of  lateral  stresses  in  the  scale 
which  cannot  arise  simply  from  outward  diffusion  of  the 
metal . 
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In  terms  of  the  proposed  mechanism  for  scaling, 
the  linear  scaling  behavior  of  magnesium  is  interpreted 
as  being  the  alternate  formation  of  undergrowth  and  ex- 
foliation of  the  previously  formed  oxide  crystals  occurring 
in  a rapid , cyclic  fashion.  The  observations  which  indi- 
cate that  ignition  of  magnesium  occurs  are  rationalized 
on  the  basis  that  scale-traversing  defects,  caused  by 
addition  of  material  at  the  grain  boundaries  of  MgO,  may 
be  capable  of  producing  channels  large  enough  to  allow 
transport  of  gaseous  magnesium. 

Calcium.  Strontium,  and  Barium  - It  appears  that 
the  degree  of  protectivity  afforded  by  the  scales  formed 
on  the  Group  II  A metals  decreases  as  the  period  with 
which  they  are  associated  is  located  further  down  in  the 
Periodic  Table.  Thus,  calcium  oxidizes  protectively  at 
temperatures  on  the  order  of  350°C  for  approximately 
1 hour  and  thereafter  oxidizes  linearly;  while  barium 
oxidizes  linearly  at  room  temperature. 

In  terms  of  what  has  been  proposed,  this  trend 
may  be  due  to  the  oxide  plasticity,  as  indicated  by  the 
metal  oxide  melting  temperatures.  Since  the  oxides  of 
the  heavier  elements  melt  at  lower  temperatures,  their 
plasticity  at  a given  temperature  would  be  expected  to 
be  greater  than  that  of  the  oxides  of  the  lighter  elements. 
This,  in  turn,  may  facilitate  undergrowth  formation  in  the 
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heavy-metal  oxides.  As  a result,  one  would  expect  the 
degree  of  advancement  of  the  scaling  process  to  increase 
as  the  melting  temperature  of  the  oxide  decreased.  In 
the  case  of  the  Group  IIA  metals,  wherein  the  magnitude 
of  the  oxide  plasticity  is  assumed  to  be  small,  this 
is  observed. 

Zinc  and  Cadmium  - The  scales  formed  on  both  zinc 
and  cadmium  are  apparently  protective  so  long  as  the 
materials  are  sufficiently  pure.  As  in  the  case  of  the 
Group  II  A metals,  these  oxides  are  believed  to  form  at 
higher  temperatures  by  transport  of  metal  through  the 
scale.  The  extremely  low  rates  of  scale  formation, 
found  in  the  case  of  both  of  these  metals  is  indicative 
of  a small  degree  of  advancement  of  the  scaling  process. 

In  terms  of  the  proposed  scaling  mechanism,  it 
appears  that  the  grain  boundary  network  of  each  of  these 
oxides  is  nearly  impermeable  to  oxygen.  As  a result,  the 
lateral  deformation  is  small,  and  the  time  of  undergrowth 
formation  is  very  much  delayed.  One  would  therefore 
expect  that,  subsequent  to  undergrowth  formation,  the 
rate  of  oxidation  would  be  drastically  diminished.  This 
has  been  observed  in  the  case  of  the  oxidation  of  cadmium 
at  300°C. 
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Yttrium.  Lanthanum,  and  Cerium  - Oxidation  of  the 
Group  III  A elements  appears  to  parallel  that  of  the 
alkaline  earths,  though  only  limited  information  is  avail- 
able. Cerium  exhibits  what  appears  to  be  an  advanced 
scaling  behavior  with  respect  to  either  lanthanum  or 
yttrium.  Between  20  and  60°C,  it  oxidizes  in  an  initially 
protective  manner  while  at  temperatures  between  approxi- 
mately 100  and  300°C,  the  protective  period  is  short 
and  a linear  rate  of  oxidation  subsequently  prevails. 

A conversion  (oxidation)  of  ^6203  to  Ce02  has  been  postulated 
by  others  to  be  the  rate  controlling  step  in  the  scaling 
process.  Lanthanum,  on  the  other  hand,  exhibits  limiting 
value  of  weight  gain  (or  scale  thickness)  at  300°C.  The 
apparently  divergent  behaviors  are,  however,  believed  to 
arise  as  a result  of  differences  in  degree,  rather  than 
kind . 

In  terms  of  the  proposed  scaling  mechanism,  the 
behavior  of  lanthanum  may  be  interpreted  in  terms  of  scale 
development  with  a small  degree  of  advancement;  ice.,  the 
limiting  value  of  scale  thickness  would  arise  as  a result 
of  undergrowth  formation  coupled  with  a smiall  degree  of 
oxygen  mobility  in  the  oxide  grain  boundaries.  Conversely, 
the  scaling  of  cerium,  indicates  a large  degree  of  advance- 
ment involving  undergrowth  production  and  growth.  The 
observed  oxidation  of  Ce203  to  Ce02  is  interpreted  to  be 
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a direct  result  of  the  removal  of  the  metal  supply  from 
the  outermost  oxide  crystals  by  the  intrusion  of  oxide 
grain  boundary  barriers  which  arise  as  a result  of  under- 
growth formation.  Similar  processes  appear  to  occur  in 
the  scaling  of  tungsten  and  uranium. 

Aluminum  - The  oxidation  of  aluminum  is  unique 
in  that  the  oxide  AI2O3  acts  as  an  extremely  effective 
barrier  to  diffusion  at  temperatures  up  to  and  beyond 
the  melting  point  of  the  metal.  Temperature  dependent 
changes  in  the  rate  of  scaling  have  been  noted.  At 
moderate  temperatures,  there  is  an  initial  rapid  oxi- 
dation of  aluminum  until  a scale  thickness  of  a few 
hundred  angstroms  is  developed;  thereafter  the  oxidation 
process  ceases  for  all  practical  purposes.  As  the  tempera- 
ture is  increased  to  400°C,  parabolic  oxidation  is  observed 
to  persist  several  hours.  Further  increases  in  temperature, 
to  600°C,  give  rise  to  scaling  rates  which  have  been 
described  as  paralinear;  however,  as  the  time  of  oxidation 
is  increased,  the  rate  of  scale  formation  decreases. 
Oxidation  of  molten  aluminum,  at  temperatures  in  excess 
of  700°C,  proceeds  by  a parabolic  rate  law. 

The  above  information  indicates  that  the  high- 
temperature  scaling  of  aluminum  proceeds  at  a rate  which, 
in  general,  diminishes  with  time,  in  the  case  of  the  solid 
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metal.  It  is  proposed  that  this  behavior  is  due  to  the 
formation  of  undergrowth  by  the  shear  mechanism  postulated 
earlier.  An  investigation  concerning  oxygen  diffusion  in 
polycrystalline  and  single  crystal  Al203  indicated  that 
diffusion  of  oxygen  along  oxide  grain  boundaries,  necessary 
to  the  production  of  lateral  stresses,  does  occur  (83). 
Further,  the  parabolic  thickening  of  oxide  formed  on 
liquid  aluminum, which  cannot  support  a shear,  indicates 
that  undergrowth  does  not  form  thereon.  It  therefore 
appears  that  the  proposed  scaling  mechanism  may  be  able 
to  qualitatively  account  for  some  of  the  observed  features 
in  the  scaling  of  aluminum. 

Titanium  - At  temperatures  below  550°C,  the  oxi- 
dation of  titanium  proceeds  by  a relatively  slow  process 
which  has  been  described  by  both  the  cubic  and  logarithmic 
rate  laws.  It  is  proposed  that  this  behavior  is  due  to 
the  formation  of  undergrowth  in  the  scale  region.  For 
temperatures  in  the  range  from  550  to  850°C,  the  process 
proceeds  in  a parabolic  fashion,  and  markers  have  been 
found  both  on  the  external  surface  of  and  within  the  scale. 
This  behavior  has  been  attributed  to  the  diffusion  of  oxygen 
through  the  scale  layer.  However,  in  terms  of  the  proposed 
mechanism  it  indicates  that  the  scale  structure  has  achiev- 
ed a moderate  to  large  degree  of  advancement.  The  motion 
of  markers  away  from  the  interface  is  believed  to  be  due  to 
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channel  formation  in  the  first-formed  crystals  which 
facilitates  entry  of  oxygen  to  the  region  of  the  undergrowth. 
Subsequent  growth  of  the  underlying  crystals  would  push  the 
markers  away  from  the  metal-oxide  interface  as  is  observed. 

The  paralinear  oxidation  of  titanium  at  tempera- 
tures in  excess  of  850°C  , and  the  observation  of  porous 
scales  consisting  of  the  higher  oxides  of  titanium  formed 
thereat,  is  in  accord  with  the  concept  that  metal  diffusion 
across  the  oxide  grain  boundaries  is  highly  restricted. 

The  observed  porosity  may  have  been  developed  by  the 
volume  change  associated  with  the  formation  of  the  higher 
oxides . 

Zirconium  and  Hafnium  - The  oxidation  of  both  of 
these  metals  initially  proceeds  at  a parabolic  rate  on  the 
temperature  range  from  approximately  300  to  700°C.  Oxygen 
diffusion,  through  the  oxide  lattice,  has  been  postulated 
in  the  case  of  hafnium  oxidized  in  this  temperature  range. 

The  observation  of  "inert"  markers  consisting  of  other 
oxides,  at  the  gas-oxide  interface  appears  to  support  this 
contention.  Other  than  this  evidence,  however,  the  scaling 
process  may  be  described  in  terms  of  what  has  been  proposed 
herein. 

It  has  been  found  that  the  oxidation  of  these  metals 
may  be  described  by  slower-than-parabolic  rate  expression 
in  the  above  temperature  range  if  the  long-time  scaling 
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behavior  is  considered.  This  observation  suggests  that 
undergrowth  formation  may  occur  in  the  scales.  Further, 
for  temperatures  in  excess  of  approximately  900°C,  the 
initially  parabolic  behavior  becomes  linear  as  the  oxi- 
dation time  is  increased  and  the  external  scales  change 
in  character,  becoming  white  and  powdery.  It  is  proposed 
that  this  behavior  represents  a high  degree  of  advancement 
in  the  scale  structure  with  the  observed  linear  scaling 
behavior  arising  from  a summation  of  local  parabolic 
growths,  in  turn,  due  to  exfoliation  of  the  outermost 
crystals  and  rapid  parabolic  growth  of  the  underlying 
crystals . 

Silicon  and  Germanium  - Oxidation  of  both  silicon 
and  germanium  appears  to  be  protective  up  to  the  tempera- 
tures at  which  the  effects  of  gaseous  oxides  become 
important.  No  information  was  found  to  indicate  that 
other  than  parabolic  scaling  occurs  for  silicon  or  germanium 
at  temperatures  as  high  as  130C  and  500°C,  respectively. 

As  in  the  case  of  zinc,  this  behavior  is  interpreted  in 
terms  of  what  has  been  proposed  herein,  as  being  due  to 
the  low  permeability  of  the  grain  boundary  network  to 
oxygen. 

Tin  and  Lead  - The  mechanism  associated  with  the 
oxidation  of  tin  appears  to  be  rather  complex  and,  to  date, 
there  appears  to  be  no  general  agreement  on  the  temperature 
ranges  in  which  specific  scaling  rate  laws  apply.  There 


292 


i 


appears  to  be  a low-temperature  protective  scale  of  SnO 
which  becomes  porous  upon  continued  oxidation,  thus 
reducing  the  macroscopic  scaling  rate.  This  implies 
that  there  is  either  a metal-oxide  interface  control 
of  the  tin  diffusion  or  that  the  grain  boundaries  of  the 
oxide  act  as  diffusion  barriers,  as  suggested  herein. 

In  either  case,  it  appears  that  the  flow  of  oxygen  via 
oxide  grain  boundaries  is  highly  restricted. 

At  temperatures,  near  500°C  whereat  SnC>2  is  the 
stable  oxide,  there  is  disagreement  as  to  the  exact  com- 
position of  the  scale.  The  rate  of  scaling  increases  and 
appears  to  proceed  at  a paralinear  rate  in  this  temperature 
range,  suggesting  a large  degree  of  advancement  in  the 
scale  structure.  In  addition,  "cracking"  of  the  scale  is 
observed.  It  is  suggested  that  gaseous  oxides  may  play 
an  important  role  at  this  temperature.  The  analyis  of 
the  mechanism  of  the  oxidation  of  lead  is  similarly 
obscured  due  to  uncertainties  in  the  role  played  by  the 
higher  oxides. 

Niobium  and  Tantalum  - Oxidation  of  these  metals 
is  normally  considered  to  occur  by  oxygen  diffusion.  At 
temperatures  below  approximately  500°C,  oxidation  proceeds 
in  a parabolic  fashion  and  the  sub-oxides  NbO  and  TaO  form. 
Continued  oxidation  in  this  temperature  range  leads  to  the 
formation  of  the  N^O^-type  oxides  and  a linear  rate  of 
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oxidation  ensues.  It  is  proposed  that  the  observed  time- 
dependent  changes  in  rate  are  due  to  the  formation  of 
undergrowth  in  the  NbO  and  TaO  crystals.  The  subsequent 
removal  of  the  supply  of  metal  from  the  metallic  sub- 
strates would  then  permit  the  oxidation  of  the  sub-oxides 
to  the  M2O5  forms,  as  is  observed.  It  is  further  proposed 
that  the  degree  of  advancement  of  the  scale  structure  is 
very  large  in  that  several  cycles  of  undergrowth  forma- 
tion and  sub-oxide  oxidation  take  place  in  the  case  of 
normally  encountered  specimens,  giving  the  impression 
that  oxygen  transport  through  the  oxide  lattice  had  occurred. 

Chromium  - Chromium  is  considered  to  oxidize  by 
transport  of  metal  through  the  scale.  The  rate  of  oxidation 
has  been  found  to  be  parabolic  at  temperatures  below 
approximately  90C°C.  At  higher  temperatures,  the  initial 
protective  behavior  gives  way  to  a linear  oxidation  which 
is  thought  to  be  associated  with  evaporation  of  chromium. 
Metallographic  inspection  of  scales  formed  at  elevated 
temperature  indicated  that  lateral  compressive  stresses 
were  present  in  the  scale  at  the  oxidizing  temperature  (61). 

In  terms  of  the  proposed  scaling  mechanism,  it 
appears  that  the  Cr203  scale  is  deformed  by  the  addition 
of  material  at  oxide  grain  boundaries.  The  loss  of  pro- 
tection, evidenced  by  the  evaporation-controlled  rate  of 

1 

oxidation  suggests  that  scale-traversing  channels  may  be 
formed  as  a result  of  such  deformation. 
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Molybdenum  and  Tungsten  - At  temperatures  in  the 
neighborhood  of  approximately  600°C,  an  initially  para- 
bolic rate  of  scaling  was  observed  and  marker  studies 
indicated  oxygen  transport  through  the  scale.  After 
continued  oxidation  the  rate  becomes  linear  and  the  scale 
porous  and  non-protective.  The  oxides  normally  observed, 
both  before  and  after  the  rate  transition,  are  the  V.O3- 
type;  however,  there  is  some  evidence  that  the  MC^-type 
sub-oxides  lie  between  these  and  the  metal.  It  has  been 
proposed  by  others  that,  in  the  case  of  tungsten,  the 
linear  rate  is  controlled  by  the  rate  of  transformation 
of  the  sub-oxide  to  the  oxides.  In  terms  of  what  has 
been  proposed  herein,  the  above  observations  arise  from 
the  formation  of  sub-oxide  undergrowth  and  subsequent 
oxidation  of  the  overlying  crystals.  This  description 
of  the  scaling  process  is  analogous  to  that  presented 
earlier  for  the  case  of  niobium  oxidation. 

Iron  - The  oxidation  of  iron  may  produce  as  many 
as  three  chemically  different  oxide  phases.  At  oxidizing 
temperatures  below  570°C,  only  Fe20^  and  Fe2C>3  form 
under  normal  conditions  and  the  scaling  rate  is  usually 
found  to  be  parabolic  . At  temperatures  in  excess  of 
570°C,  the  FeO  phase  appears,  and  is  situated  between 
the  metal  and  the  Fe3C>4  layer.  While  scaling  is  initially 
parabolic,  cavities  may  develop  if  the  higher  oxides  are 
present  (27). 


^ 7J 


Cavity  formation  is  associated  with  a loss  of 
contact  between  metal  and  oxide.  The  resulting  oxida- 
tion of  the  lower  oxides  (near  the  points  whereat 
metal-oxide  contact  is  lost)  indicates  that  metal  trans- 
port through  columnar  grain  boundaries  of  the  FeO  is 
restricted,  as  proposed  herein.  The  apparent  lack  of 
evidence  for  massive  undergrowth  formation  in  FeO-bearing 
scales  is  attributed  to  the  large  grain  size  associated 
with  this  oxide. 

Cobalt  - Cobalt  exhibits  three  stable  oxides:  CoO, 

C°3®4 » and  C02O3.  Air  oxidation  of  this  metal  at  tempera- 
tures in  excess  of  approximately  85C°C  precludes  the 
formation  of  all  oxides  except  CoO,  while  oxidation  at 
lower  temperatures  produces  a CoO  scale  layer  immediately 
adjacent  to  the  metal.  This  oxide  is  similar  to  NiO  in 
defect  structure,  crystallographic  form,  and  melting 
point . 

The  initial  oxidation  of  cobalt,  at  temperatures 
between  400  and  1200°C,  has  been  found  to  be  parabolic. 

At  temperatures  in  excess  of  approximately  800°C,  and 
a two-layered  scale  within  the  CoO  phase  has  been  observed. 
Further,  there  is  a sharp  increase  in  the  activation  energy 
for  oxidation  (at  700°C)  near  this  same  temperature.  With 
the  exception  of  the  direction  of  the  change  in  activation 
energy  the  scaling  behavior  appears  to  be  entirely  analogous 
to  that  observed  for  nickel.  The  formation  of  undergrowth 


in  the  CoO  layer,  apparently  plays  a major  role  in  the 
scaling  behavior  of  cobalt,  and  like  nickel,  the  degree  of 
advancement  of  the  scaling  process  remains  small. 


CHAPTER  V 


CONCLUSIONS 

1.  The  rate  of  oxidation  of  nickel  has  been 
found  to  be  essentially  parabolic  at  1000°C  for  oxi- 
dation times  less  than  approximately  2 hours. 

2.  The  thickness  of  scales  and  the  oxide  micro- 
structure  developed  during  isochronic  oxidation  at  both 
900  and  1000°C  has  been  found  to  be  nearly  independent 
of  specimen  geometry  for  oxidation  times  less  than  16 
and  4 hours,  respectively. 

3.  The  thickness  of  scale  and  the  oxide  micro- 
structure  developed  during  isochronic  oxidation  at  both 
900  and  1000°C  has  been  found  to  be  strongly  dependent 
upon  the  specimen  geometry  for  oxidation  times  of  64  and 
16  hours,  respectively. 

4.  The  thickness  of  scales  developed  during 
oxidation  at  elevated  temperatures  appears  to  be  depen- 
dent upon  the  interaction  of  mechanical  deformation  with 
the  grain  boundary  network  of  the  scale  which  causes  a 
decrement  in  the  rate  of  scale  thickening. 

5.  The  lengths  of  both  cylindrical  and  flat 
specimens  have  been  found  to  increase  slightly  as  a 
result  of  oxidation  at  1000°C  and  more  gross 
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dimensional  changes,  resulting  from  oxidation,  have  been 
noted  for  specimens  of  special  geometric  form. 

6.  The  concepts  of  grain  boundary  pressure  and 
undergrowth  formation  have  been  introduced  and  incorpo- 
rated into  a mechanism  for  the  oxidation  of  nickel  which 
appears  to  account  for  the  overall  scaling  behavior 
observed  herein. 

7.  An  extension  of  the  proposed  scaling  mechanism 
applied  to  the  results  of  other  oxidation  studies, 
indicates  that  it  may  have  rather  general  applicability 

in  the  field  of  high-temperature  oxidation  metals. 
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TABLE  10 


Oxygen  Consumption  as  a Function  of  Time  for  a Spherical 
Specimen  of  Curvature  2.75  cm”!  oxidized  at  lOOOoC 


Oxidation 

Square  Root 

Volume 

Volume 

T ime 

of  Oxida~ 

Consumed 

Consumed 

(Minutes ) 

tion  Time  . 
(Minutes )*' 2 

(cc) 

Per  Square 
Centimeter 
of  Specimei 
Surface 
(cc/cm2) 

4 1/2 

2.120 

2.3 

0.331 

5 3/4 

2.316 

4.5 

0.643 

7 1/4 

2.670 

5.3 

0.758 

8 

2.828 

6.2 

0.889 

8 3/4 

2.890 

7.0 

1.00 

9 1/2 

3.081 

7.8 

1.12 

10 

3.162 

8.3 

1.19 

10  3/4 

3.275 

8.9 

1.27 

11  1/2 

3.390 

9.5 

1.36 

12  3/4 

3.565 

10.7 

1.53 

14 

3.740 

11.4 

1.63 

15 

3.870 

11.7 

1.68 

15  3/4 

3.963 

12.1 

1.73 

16  1/2 

4.060 

12.3 

1.76 

17  1/4 

4.150 

12.3 

1.76 

18  1/3 

4.280 

12.3 

1.76 

19  1/2 

4.410 

12.8 

1.83 

20  2/3 

4.550 

13.2 

1.89 

23  1/4 

4.820 

14.1 

2.02 

24  1/3 

4.928 

14.4 

2.06 

25 

5.000 

14.8 

2.12 

25  2/3 

5.065 

15.0 

2.15 

26  1/2 

5.145 

15.2 

2.17 

27  1/4 

5.215 

15.6 

2.23 

28  1/4 

5.315 

15.9 

2.27 

28  3/4 

5.360 

16.1 

2.30 

29  1/2 

5.430 

16.5 

2.36 

30  3/4 

5.545 

16.4 

2.35 

31  1/2 

5.610 

16.7 

2.39 

32  1/2 

5.700 

16.8 

2.41 

33  1/4 

5.760 

17.0 

2.43 
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TABLE  10  (Continued) 


Oxidation 
T ime 

(Minutes ) 


Square  Root 
of  Oxida- 
tion Time  . 
(Minutes ) */2 


Volume  Volume 

Consumed  Consumed 

(cc)  Per  Square 

Centimeter 
of  Specimen 
Surf  ace 

_ (cc/cm2) 


35 

?/4 

5.910 

17.3 

2.48 

38 

6.220 

18.2 

2.60 

39 

1/2 

6.280 

18.4 

2.63 

40 

3/4 

6.385 

18.9 

2.70 

42 

6.478 

18.9 

2.70 

43 

1/2 

6.560 

18.9 

2.70 

43 

6.590 

18.8 

2.69 

44 

1/4 

6.650 

18.8 

2.69 

45 

1/4 

6.725 

18.9 

2.70 

46 

1/4 

6.800 

19.1 

2.73 

47 

6.855 

19.2 

2.75 

48 

48 

3/4 

6.925 

6.980 

19.4 

19.6 

2.78 

2.80 

49 

3/4 

7.050 

19.8 

2.83 

50 

1/2 

7.110 

20.1 

2.88 

51 

1/2 

7.140 

20.3 

2.90 

52 

7.240 

21.3 

3.05 

53 

1/4 

7.300 

21.5 

3.08 

54 

1/4 

7.360 

21.6 

3.09 

55 

3/4 

7.41 

21.8 

3.12 

55 

7.46 

21.8 

3.12 

56 

1/4 

7.50 

21.9 

3.13 

57 

1/4 

7.55 

21.8 

3.12 

58 

7.63 

21.6 

3.10 

60 

7.74 

21.8 

3.12 

66 

8.12 

22*  8 

3.26 

67 

1/2 

8.18 

23.0 

3.29 

67 

8.21 

23.2 

3.32 

68 

1/3 

8.26 

23.3 

3.33 

69 

1/2 

8.34 

23.4 

3.34 

70 

1/2 

8.39 

23.6 

3.37 

71 

1/3 

8.44 

23.6 

3.37 

72 

1/4 

8.50 

23.6 

3.37 

72 

3/4 

8.52 

23.6 

3.37 
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TAPLE  10  (Continued) 


Oxidation 
T ime 

(Minutes ) 

Square  Root 
of  Oxida- 
tion Time  . 
(Minutes ) 1/2 

Volume 

Consumed 

(cc) 

Volume 
Consumed 
Per  Square 
Centimeter 
of  Specimen 
Surf  ace 
(cc/cm^ ) 

74 

8.60 

23.7 

3.39 

79 

8.88 

24.7 

3.53 

79  1/2 

8.91 

24.8 

3.54 

80  1/4 

8.95 

24.9 

3.56 

81 

9.00 

25.1 

3.59 

82  1/2 

9.08 

25.2 

3.60 

85 

9.21 

24.9 

3.56 

86 

9.26 

25.0 

3.57 

87 

9.32 

25.2 

3.60 

90  1/2 

9.51 

26.1 

3.73 

91  1/2 

9.56 

26.6 

3.81 

92  1/2 

9.61 

26.9 

3.84 

93  1/2 

9.66 

27.0 

3.86 

94  1/2 

9.71 

27.0 

3.86 

95  3/4 

9.78 

26.9 

3.84 

97  1/2 

9.87 

26.9 

3.84 

104  1/2 

10.2 

27.9 

3.99 

105  1/4 

10.3 

28.1 

4.01 

106  1/4 

10.3 

27.8 

3.98 

107  1/4 

10.3 

27.8 

3.98 

108 

10.4 

27.8 

3.98 
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TABLE  11 


Oxygen  Consumption  as  a Function  of  Time  for  a Spherical 
Specimen  of  Curvature  3.40  cm  1 Oxidized  at  1000°C 


Oxidation 
T ime 

(Minutes ) 

Square  Root 
of  Oxida- 
tion Time.  , 
(Minutes)1' 2 

Volume 

Consumed 

(cc) 

Volume 

Consumed 

Per  Square 

Centimeter 

of  Specimen 

Surface 

(cc/cm2) 

4 1/4 

2.06 

1.5 

0.34 

5 1/4 

2.40 

3.3 

0.758 

7 1/2 

2.74 

4.8 

1.10 

9 

3.00 

5.8 

1.33 

10 

3.16 

6.5 

1.49 

12  1/4 

3.50 

7.3 

1.68 

14  3/4 

3.84 

8.3 

1.91 

17 

4.12 

9.1 

2.09 

18  3/4 

4.32 

9.7 

2.22 

21  3/4 

4.65 

10.1 

2.32 

24  1/2 

4.95 

11.0 

2.52 

27  1/2 

5.25 

11.0 

2.52 

29  3/4 

5.45 

11.8 

2.71 

33 

5.75 

12.8 

2.93 

35  3/4 

5.97 

13.2 

3.03 

41  3/4 

6.45 

14.0 

3.21 

46  1/2 

6.82 

15.5 

3.56 

53 

7.28 

15.8 

3.62 

56  3/4 

7.52 

16.3 

3.74 

63 

7.94 

17.4 

3.99 

71  1/2 

8.45 

18.3 

4.20 

77  1/2 

8.80 

19.1 

4.38 

82  1/2 

9.09 

19.6 

4.50 

90 

9.49 

20.3 

4.66 

96  1/2 

9.81 

20.7 

4.75 

99  1/2 

9.97 

21.4 

4.91 

108  1/2 

10.40 

22.1 

5,03 

122  1/4 

11.06 

23.0 

5.28 
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TABLE  12 

Oxygen  Consumption  as  a Function  of  Time  for  a Spherical 
Specimen  of  Curvature  3.99  cm“l  Oxidized  at  1000°C 


Oxidation 

Time 

(Minutes ) 

Square  Root 
of  Oxida- 
tion Time.  / 
(Minutes ) 2 

Volume 

Consumed 

(cc) 

Volume 
Consumed 
Per  Square 
Centimeter 
of  Specimen 
Surface 
(cc/cm2) 

1 1/4 

1.12 

0.5 

0.158 

2 1/2 

1.58 

1.1 

0.349 

4 

2.00 

2.3 

0.730 

5 1/4 

2.29 

3.2 

1.01 

6 1/2 

2.55 

3.8 

1.21 

8 

2.83 

4.4 

1.40 

10 

3.16 

5.1 

1.62 

11  3/4 

3.43 

5.6 

1.78 

13  1/2 

3.67 

6.0 

1.90 

15  1/2 

3.94 

6.4 

2.03 

17  1/4 

4.16 

6.8 

2.16 

20  1/4 

4.50 

7.4 

2.35 

22  3/4 

4.77 

7.9 

2.51 

25 

5.00 

8.2 

2.60 

26  3/4 

5.17 

8.2 

2.60 

29  1/2 

5.43 

8.2 

2.60 

31 

5.57 

8.8 

2.79 

35 

5.92 

9.3 

2.95 

37  1/4 

6.11 

9.7 

3.08 

39  1/4 

6.26 

10.2 

3.24 

42  1/2 

6.50 

10.3 

3.27 

46  1/4 

6.80 

10.4 

3.30 

51  3/4 

7.19 

10.8 

3.43 

54  1/2 

7.38 

11.4 

3.61 

62 

7.87 

11.9 

3.78 

69  1/4 

8.32 

12.7 

4.03 

75 

8.66 

13.4 

4.250 

80  1/4 

8.96 

13.3 

4.215 

88  3/4 

9.42 

13.8 

4.375 

96  1/4 

9.81 

14.4 

4.570 

101  1/4 

10.1 

14.9 

4.730 

106 

10.3 

15.2 

4.820 

113  3/4 

10.7 

15.5 

4.915 

125  1/4 

11.2 

16.2 

5.130 
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TABLE  13 


Oxygen  Consumption  as  a Function  of  Time  for  a Spherical 
Specimen  of  Curvature  4.67  cm  1 Oxidized  at  1000°C 


Oxidation 

Time 

(Minutes ) 

Square  Root 
of  Oxida- 
tion Time  . 
(Minutes ) 2 

Volume 

Consumed 

(cc) 

Volume 
Consumed 
Per  Square 
Centimeter 
of  Specimen 
Surf  ace- 
(cc/cn/) 

1.0 

1.00 

0.6 

0.26 

3.0 

1.73 

1.2 

0.52 

4.5 

2.12 

1.7 

0.73 

6 1/4 

2.50 

2.6 

1.12 

7 3/4 

2.78 

3.4 

1.47 

9 1/4 

3.04 

3.9 

1.68 

11 

3.32 

4.2 

1.81 

12  3/4 

3.57 

4.6 

1.98 

14  3/4 

3.84 

4.6 

1.98 

16  3/4 

4.09 

5.1 

2.20 

18  3/4 

4.33 

5.6 

2.41 

20 

4.47 

5.0 

2.16 

22  3/4 

4.77 

4.9 

2.12 

25  3/4 

5.07 

5.2 

2.24 

30  1/4 

5.50 

5.4 

2.33 

35  1/4 

5.94 

6 . 6 

2.85 

39  1/4 

6.26 

6.4 

2.76 

45  1/4 

6.73 

6.2 

2.67 

47  3/4 

6.91 

7.9 

3.41 

54  3/4 

7.40 

8.0 

3.45 

60  1/4 

7.76 

8.4 

3762" 

66 

8.12 

8.8 

3.79 

70  3/4 

8.40 

8.8 

3.79 

74  3/4 

8.65 

9.2 

3.96 

79  3/4 

8.92 

9.7 

4.18 

87  1/2 

9.35 

9.9 

4.27 

94  1/4 

9.71 

10.2 

4.50 

105  1/4 

10.3 

10.5 

4.53 

110  1/4 

10.5 

11.0 

4 . 75 

118  1/4 

10.9 

11.2 

4.83 

123 

11.1 

11.5 

4 . 96 
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TABLE  14 


Oxygen  Consumption  as  a Function  of  Time  for  a Spherical 
Specimen  of  Curvature  5.23  cm” Oxidized  at  1000°C 


Oxidation 
T ime 

(Minutes ) 

Square  Root 
of  Oxida- 
tion Time  . 
(Minutes ) * 

Volume 
Consumed 
(cc ) 

Volume 
Consumed 
Per  Square 
Centimeter 
of  Specimen 
Surface  9 
(cc/crrr ) 

2 1/2 

1.58 

0.7 

0.38 

3 

1.73 

1.7 

0.93 

3 3/4 

1.94 

2.5 

1.37 

5 

2.22 

2.6 

1.52 

6 1/2 

2.52 

3.2 

1.75 

8 

2.81 

3.3 

1.80 

9 1/4 

3.02 

3.5 

1.91 

10  3/4 

3.28 

3.6 

1.97 

11  3/4 

3.42 

3.8 

2.08 

13 

3.61 

3.9 

2.13 

14 

3.74 

4.25 

2.32 

15  1/2 

3.94 

4.45 

2.43 

17 

4.12 

4.8 

2.62 

18  1/4 

4.27 

4.9 

2.68 

19  3/4 

4.44 

5.4 

2.95 

21 

4.58 

5.3 

2.90 

22  1/2 

4.74 

5.5 

3.00 

25 

5.00 

5.5 

3.00 

26  1/2 

5.15 

5.5 

3.00 

38  1/4 

6.18 

5.9 

3.22 

34  1/2 

5.87 

6.2 

3.39 

37  3/4 

6.14 

6.35 

3.47 

41 

6.41 

6.45 

3.52 

47 

6.85 

7.3 

3.99 

49 

7.00 

7.45 

4.07 

54 

7.35 

7.6 

4.15 

61 

7.81 

8.15 

4.46 

69  1/4 

8.32 

8.1 

4.43 

76  1/2 

8.75 

8.5 

4.65 

84 

9.16 

8.8 

4.81 

89  1/2 

9.46 

9.2 

5.02 

97  1/2 

9.87 

9.2 

5.02 

104 

10.4 

9.5 

5.19 

111  1/2 

10.6 

9.95 

5.43 
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TABLE  15 


Parabolic  Rate  Constants  Derived  from  Volumetric  Data  as 
a Function  of  Specimen  Curvature  for  Spheroids  Oxidized 
at  1000°C  in  Oxygen  at  a Pressure  of  One-quarter  Atmos- 
phere . 


Specimen 

(cm* 

Jurvature 

Initial  Value 
(cc/ cm^-min 1/2 ) 

Final  Value 
(cc/cm2-minl/2) 

2.75 

0.799 

0.369 

3.40 

1.07 

0.477 

3.99 

0.929 

0.429 

4.67 

1.11 

0.410 

5.23 

2.05 

0.481 

309 


TABLE  16 


Scale  Thickness  as  a Function  of  Curvature  for  Cylindrical 
Specimens  Oxidized  in  Air  at  1000°C  for  16  Hours 


Specimen  Curvature 
(cnTl) 

Scale  Thickness 
(microns ) 

Probable  Error 
(microns ) 

0.00 

27.6 

+ 

1.1 

1.99 

29.1 

+ 

1.6 

4.00 

31.3 

+ 

1.6 

6.40 

32.2 

+ 

1.7 

7.90 

27.1 

+ 

1.5 

8.92 

27.2 

+ 

1.8 

9.0 

26.9 

+ 

0.7 

10.2 

30.1 

+ 

1.1 

11.1 

36.0 

+ 

1.5 

12.6 

38.1 

+ 

0.9 

15.4 

39.5 

+ 

2.8 
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TABLE  17 


Scale  Thickness  as  a Function  of  Curvature  for  Cylindrical 
Specimens  Oxidized  in  Air  at  900°C  for  64  Hours 


Specimen  Curvature 
(cm- 1 ) 

Scale  Thickness 
(Microns ) 

Probable  Error 
(Microns ) 

0.00 

17.8 

+ 2.6 

1.64 

21.6 

1 1-9 

1.81 

25.1 

+ 2.7 

2.10 

24.6 

+ 2.1 

2.54 

26.9 

+ 3.8 

3.16 

25.9 

+ 3.2 

4.36 

27.8 

+ 3.2 

6.46 

34.9 

+ 4.3 

8.22 

34.9 

+ 2.0 

9.68 

34.4 

+ 1.7 

11.0 

20.8 

+ 1.0 

11.1 

41.7 

+ 2.0 

12.2 

32.3 

+2.1 

12.9 

31.0 

+ 1.9 

17.8 

31.1 

+ 2.6 

311 


TAPLE  18 

Scale  Thickness  as  a Function  of  Curvature  for  Cylindrical 
Specimens  Oxidized  in  Air  at  900°C  for  16  Hours 


Specimen  Curvature 
(cm- 1 ) 

Scale  Thickness 
(microns ) 

Probable  Error 
(microns ) 

0.00 

15.6 

+ 0.7 

1.98 

13.7 

+ 1.9 

3.94 

15.8 

+ 1.1 

6.40 

16.9 

+ 1.2 

8.96 

16.6 

+ 0.7 

11.3 

15.9 

+ 1.1 

12.9 

17.5 

+ 1.6 

15.6 

11.9 

+ 1.6 
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TABLE  19 


Scale  Thickness  as  a Function  of  Curvature  for  Cylindrical 
Specimens  Oxidized  in  Air  at  1000°C  for  64  Hours 


Specimen  Curvature 
(cm- 1 ) 

Scale  Thickness 
(microns ) 

Frobable  Error 
(microns ) 

2.00 

25.0 

1 1.4 

4.02 

27.6 

+ 0.8 

6.02 

27.2 

+ 1.1 

7.20 

28.1 

1 1.1 

7.88 

27.3 

+ 0.8 

8.94 

27.0 

+ 1.5 

9.96 

30.9 

+ 1.7 

11.0 

30.5 

+ 1.9 

13.9 

26.5 

+ 1.5 
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TABLE  20 


Scale  Thickness  as  a Function  of  Specimen  Thickness  for 
Flat  Specimens  Oxidized  in  Air  at  1000°C  for  16  Hours 


Reciprocal  Thickness 
( cm  1 ) 

Scale  Thickness 
(microns ) 

Probable  Error 
(microns ) 

1.04 

21.7 

+ 1.9 

2.23 

25.3 

+ 4.8 

3.08 

13.4 

+ 2.3 

4.10 

18.2 

+ 2.3 

6.21 

18.3 

+ 1.3 

8.29 

18.1 

+ 1.6 

10.1 

21.2 

+ 3.6 

13.0 

25.0 

+ 3.5 

15.0 

19.6 

+ 2.5 

314 


TABLE  21 


Scale  Thickness  as  a Function  of  Specimen  Thickness  for 
Flat  Specimens  Oxidized  in  Air  at  1000°C  for  16  Hours 


Reciprocal  Thickness 
(cnfl ) 

Scale  Thickness 
(microns ) 

Probable  Error 
(microns ) 

1.17 

27.1 

+ 

1.4 

2.31 

21.4 

+ 

1.1 

3.19 

24.7 

+ 

1.4 

4.33 

21.9 

+ 

1.4 

6.52 

24.5 

+ 

1.2 

8.93 

25.4 

+ 

1.4 

10.2 

21.7 

+ 

1.4 

14.8 

21.7 

+ 

2.5 

16.8 

19.9 

+ 

1.7 
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TABLE  22 


Scale  Thickness  as  a Function  of  Curvature  for  Cylindrical 
Specimens  Oxidized  in  Dried  Oxygen  at  1000°C  for  4 Hours 


Specimen  Curvature 
(cirr-1 ) 

Scale  Thickness 
(microns ) 

Probable  Error 
(microns ) 

0.00 

8.66 

+ 0.82 

2.00 

8.59 

+ 0.92 

2.99 

8.61 

+ 1.1 

4.00 

9.61 

+ 0.88 

4.04 

9.79 

+ 0.91 

5.00 

10.0 

+ l.i 

5.07 

10.8 

+ 1.6 

6.00 

9.31 

± 1.1 

6.94 

9.31 

+ 1.5 

8.08 

10.5 

+ 1.5 

9.15 

10.0 

+ 0.78 

10.2 

10.7 

+ 0.49 

11.1 

11.7 

+ 2.0 

12.0 

8.7 

± 1.5 

I 

y 
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TABLE  23 


Scale  Thickness  as  a Function  of  Curvature  for  Cylindrical 
Specimens  Oxidized  in  Dried  Oxygen  at  1000°C  for  16  Hours 


Specimen  Curvature 
(cm“l ) 

Scale  Thickness 
(microns ) 

Probable  Error 
(microns ) 

6.00 

15.7 

+ 2.4 

2.00 

20.3 

+ 2.0 

2.94 

17.5 

+ 2.0 

3.99 

21.0 

+ 1.5 

4.97 

20.1 

t 1.6 

5.00 

22.0 

1 1.9 

6.01 

18.8 

i 1.7 

7.13 

17.0 

+ 0.9 

7.93 

15.1 

1 1.7 

8.07 

18.8 

+ 1.3 

8.96 

21.8 

± 1.4 

9.16 

21.2 

+ 1.6 

10.1 

22.0 

+ 2.2 

11.1 

22.9 

+ 1.8 

11.7 

20.5 

+ 2.1 

318 


TABLE  25 


Axial  Length  Change  as  a Function  of  Curvature  for  Cyl- 
indrical Specimens  Oxidized  for  Five  Minutes  in  Dried 
Oxygen  at  1000°C 


Specimen  Curvature 
(cirT*) 


Axial  Length  Change 
(per  cent) 


1.62 

+ 

0.0116 

1.71 

— 

0.0346 

1.81 

— 

0.116 

2.00 

— 

0.0345 

2.00 

— 

0.0322 

2.20 

+ 

0.0365 

2.25 

+ 

0.0622 

2.50 

+ 

0.0682 

2.95 

+ 

0.0265 

3.09 

+ 

0.0155 

3.29 

— 

0.0270 

3.59 

— 

0.0821 

3.79 

- 

0.0747 

4.01 

— 

0.0007 

4.18 

+ 

0.0321 

4.68 

+ 

0.0239 

5.01 

+ 

0.0065 

5.98 

— 

0.0235 

7.15 

— 

0.0386 

8.25 

mm 

0.0485 

9.05 

+ 

0.0078 

9.06 

— 

0.0273 

10.2 

— 

0.0590 

14.4 

+ 

0.0004 

319 


TABLE  26 


Axial  Length  Change  as  a Function  of  Curvature  for  Cyl- 
indrical Specimens  Oxidized  for  Various  Times  in  Dried 
Oxygen  at  1000°C 


Specimen 

Curvature 

(cm”l) 

Oxidation 
Time 
(hours ) 

Axial 
Length 
(per  cent) 

8.24 

1 

- 0.0586 

12.3 

1 

+ 0.0121 

1.99 

4 

- 0.0364 

2.99 

4 

+ 0.0332 

4.00 

4 

- 0.0829 

4.04 

4 

- 0.0335 

5.00 

4 

+ 0.0073 

5.07 

4 

+ 0.0036 

6.00 

4 

- 0.0691 

6.94 

4 

- 0.0814 

8.08 

4 

♦ 0.0576 

9.05 

4 

+ 0.0145 

10.2 

4 

+ 0.0171 

11.1 

4 

- 0.0536 

12.0 

4 

+ 0.187 

2.00 

16 

- 0.0281 

2.94 

16 

+ 0.0013 

3.99 

16 

- 0.0496 

4.98 

16 

- 0.0113 

5.00 

16 

- 0.0131 

6.01 

16 

- 0.0135 

7.13 

16 

- 0.0364 

7.93 

16 

- 0.0165 

8.07 

16 

- 0.0339 

8.96 

16 

+ 0.102 

9.16 

16 

+ 0.0454 

10.1 

16 

- 0.0143 

11.1 

16 

+ 0.0060 

11.8 

16 

+ 0.0213 

4.00 

36 

+ 0.0760 

12.3 

36 

+ 0.121 

3.99 

64 

+ 0.0069 
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TABLE  27 


Axial  Length  as  a Function  of  Oxidizing  Time  for  Two 
Cylindrical  Specimens  Subjected  to  Interrupted  Oxidation 
at  1000°C  in  Dried  Oxygen 


Test  I:  Original  Specimen  Curvature  5.95  cm 


Total  Oxidation 
Time  (hours) 

Gage  Length 
(inch) 

0 

0.43939  “ 0.00007 

1/12 

0.43945  + 0,00013 

1 

0.43949  + 0.00007 

4 

0.43944  + 0.00005 

16 

0.43956  + 0.00006 

32 

0.43968  + 0.00004 

68 

0.43963  + 0.00004 

111  1/2 

0.43959  + 0.00004 

Test  II:  Original 

Specimen  Curvature  7.96  cm” * 

Total  Oxidation 

Gage  Length 

Time  (hours) 

(inch) 

0 

0.42022  + 0.00001 

1/12 

0.42009  + 0.00003 

1 

0.42016  + 0.00003 

4 

0.42014  + 0.00003 

16 

0.42018  + 0.00007 

32 

0.42027  ♦ 0.00002 

68 

0.42039  + 0.00003 

111  1/2 

0.42036  + 0.00005 
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TABLE  28 


Axial  Deformation  as  a Function  of  Time  for  a Specimen  of 
Nickel-270  Tested  in  Compression  at  1000°C  - Stress  Level 
754  psi 


Time 

(minutes ) 

Axial  Deformation  in 
0.500-inch  Gage 
(inches  x 10”3) 

0 

0.00 

1 

0.28 

3 

0.53 

5 

0.65 

10 

0.79 

15 

0.88 

20 

1.02 

25 

1.04 

30 

1.16 

40 

1.25 

50 

1.41 

60 

1.46 

70 

1.55 

80 

1.53 

115 

1.89 

145 

2.21 

160 

2.30 

185 

2.49 

200 

2.60 
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TABLE  29 


Axial  Deformation 
Nickel-270  Tested 
1430  psi 


as  a Function  of  Time  for  a Specimen  of 
in  Compression  at  1000°C  - Stress  Level 


Time 

(minutes ) 


Axial  Deformation 
in  0.500-inch  Gage 
(inches  x 1 0 3 ) 


0 

1 

3 

5 

10 

15 

20 

25 

30 

40 

50 

60 

70 

90 

110 

130 

140 

150 

160 

170 


0.00 

0.68 

1.13 

1.61 

2.23 

2.67 

3.03 
3.35 
3.65 
4.19 
4.71 
5.06 
5.37 

6.04 
6.57 
6.97 
7.16 
7.49 

7.67 
7.91 
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TABLE  30 

Axial  Deformation  as  a Function  of  Time  for  a Specimen  of 
Nickel-270  Tested  in  Compression  at  1000°C  - Stress  Level 
1975  psi 


Time 

(minutes ) 

Axial  Deformation 
in  0.470-inch  Gage 
(inches  x 10  ^ ) 

0 

1 

3 

5 

10 

15 

20 

25 

30 

40 

50 

60 

70 

80 

90 

100 

110 

0.00 

0.82 

1.59 
2.02 
2.98 
3.79 
4.25 

4.59 
4.96 
5.61 
6.15 

6.71 

7.24 
7.76 

8.25 

8.72 
9.40 

324 


TABLE  31 


Axial  Deformation  as  a Function  of  Time  for  a Specimen  of 
Hot-pressed  Nickel  Oxide  Tested  in  Compression  at  1000°C  - 
Corrected  Stress  Level  765  psi 


Time  Axial  Deformation  in  a 
(minutes)  0.197-inch  Gage  Length 
(inches  x 10  3) 


0 

0.00 

1 

0.09 

3 

0.13 

5 

0.15 

10 

0.22 

15 

0.22 

20 

0.20 

30 

0.25 

40 

0.24 

50 

0.22 

65 

0.23 

80 

0.21 

135 

0.26 

165 

0.28 

190 

0.30 

210 

0.40 

215 

0.27 

220 

0.32 

230 

0.38 

250 

0.40 

265 

0.39 

365 

0.47 

325 


TABLE  32 


Axial  Deformation  as  a Function  of  Time  for  a Specimen  of 
Hot-pressed  Nickel  Oxide  Tested  in  Compression  at  1000°C  - 
Corrected  Stress  Level  1450  psi 


Time 

(minutes ) 

Axial  Deformation  in  a 
0.197-inch  Gage  Length 
(inches  x 10"3) 

0 

0.00 

1 

0.14 

3 

0.16 

5 

0.25 

10 

0.34 

15 

0.44 

20 

0.47 

30 

0.45 

40 

0.48 

50 

0.47 

70 

0.60 

105 

0.80 

160 

0.97 

230 

1.71 

240 

1.75 

285 

1.97 

320 

2.17 

380 

2.38 

445 

2.66 

475 

2.79 

326 


TABLE  33 


Axial  Deformation  as  a Function  of  Time  for  a Specimen  of 
Hot-pressed  Nickel  Oxide  Tested  in  Compression  at  1000°C  - 
Corrected  Stress  Level  2060  psi 


Time  Axial  Deformation  in  a 
(minutes)  0.197-inch  Gage  Length 
(inches  x 10~3) 


0 

0.00 

1 

0.38 

3 

0.45 

5 

0.51 

10 

0.67 

20 

0.86 

30 

1.19 

40 

1.34 

50 

1.45 

60 

1.68 

70 

1.85 

80 

2.03 

Degree  of  Protection  Afforded  by  the  Scales  Formed  on  Several  Metals  as  a Func- 
tion of  Oxidizing  Temperature  ( 17 ) 
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APPENDIX  2 


AN  ELASTIC  MODEL  FOR  THE  PREDICTION  OF  STRESSES  ARISING 

DURING  THE  OXIDATION  OF  NICKEL  CYLINDERS 

It  is  believed  that  stresses  arise  both  in  the 
oxide  scale  and  in  the  metallic  substrate  due  to  geo- 
metric restrictions  which  prevail  throughout  the  oxida- 
tion process.  When  these  restrictions  are  coupled  with 
a specific  mechanism  for  oxide  growth,  the  resultant 
stresses  may  be  calculated  provided  that  the  assumptions 
introduced  approximate  the  true  state  of  affairs. 

The  development  which  follows  is  in  part  restricted 
both  to  a cylindrical  geometry  and  to  the  nickel-nickel 
oxide  system.  These  severe  restrictions  are  not  necessary; 
but  rather,  are  introduced  only  to  reduce  the  complexity 
of  the  algebra  and  simplify  the  numerical  calculations  in- 
volved. The  general  concepts  are  believed  to  apply  to 
other  geometries  and  metal-metal  oxide  systems,  so  long  as 
the  mechanism  of  oxidation  is  known  with  some  degree  of 
certainty. 

It  is  extremely  important  to  note  that  the  work 
which  follows  is  based  only  upon  a simple  elastic  model. 

The  implied  assumption  being  that  all  other  effects  which 
may  be  taking  place  such  as  relaxation  processes,  solution 
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of  oxygen  gas  in  the  metal,  dissociation  of  the  oxide  at 
the  gas-metal  interface,  vaporization  of  the  oxide,  etc. 
are  considered  to  be  second  order  in  their  effect  upon  the 
results  of  this  analysis. 

The  approach  taken  herein  is  to  assume  that  both 
the  metallic  and  oxide  phases  of  the  specimen  undergo 
elastic  deformation  only.  This  concept  can  be  modified 
if  the  elastic  equations  predict  stresses  which  are  known 
to  be  in  the  plastic  range;  i.e.,  the  elastic  analysis  is 
to  serve  as  a first  approximation  to  the  truth. 

Consider  a right  cylindrical  nickel  specimen  of 
radius  (r0)  having  unit  length.  Let  this  specimen  be  sub- 
jected to  an  oxidizing  atmosphere  and  let  the  reaction 
product  (NiO)  form  exclusively  by  outward  radial  diffusion 
of  the  metallic  ion  through  the  resultant  reaction  product. 
It  is  readily  seen  that  if  both  the  metal  and  reaction 
product  are  non-deformable,  then  contact  between  metallic 
substrate  and  scale  will  be  lost  rather  soon  in  the  pro- 
cess; i.e.,  as  soon  as  the  first  layer  of  metal  (at  radius 
rQ)  has  been  transported  away  from  its  initial  position. 

It  is  well  known  that  the  reaction  does  not  in  general  stop 
at  this  point;  but  rather,  it  continues  until  the  metal  is 
consumed.  The  physical  reason  for  the  continuance  of  the 
reaction  may  be  thought  of  in  terms  of  a high  degree  of 
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adhesion  between  the  metal  and  the  scale.  Because  the  re- 
action can  not  proceed  without  deformation  of  one  or  both 
phases,  the  consequences  of  a deformable  metal  and  reaction 
product  are  discussed  below.  This  treatment  is  essentially 
an  extension  of  the  analysis  of  elastic  stresses  in  thick- 
walled  cylinders. 

If  the  metallic  specimen  initially  has  radius  (r0) 
and  unit  length  (lu)  and  is  oxidized  to  produce  a scale  of 
thickness  (x*)  on  its  surface,  then  the  interface  between 
metal  and  oxide  must  necessarily  move  inward  from  (r0)  some 
amount  to  radius  (r*).  A schematic  drawing  is  shown  below: 


Figure  110:  Schematic  drawing  of  scale  formation 

on  a cylindrical  section. 
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If  the  mechanical  constraints  were  removed  from 
this  system,  the  inner  surface  of  the  oxide  would  elastic- 
ally  return  to  radius  (r0)  and  the  outer  surface  of  the 
metal  would  elastically  shrink  to  some  radiu  s (rm)  < ( r*) , 
In  this  stress-free  condition,  the  actual  volumes  of  oxide 
produced  (V°)  and  the  metal  used  (v™)  are  related  by  the 
Pilling-Bedworth  ratio  (P)  as  follows: 


V°  = P V™ 


(6) 


Introducing  the  cylindrical  geometry  and  notations  of 
Figure  : 


// 


(r0  + x0)2  lu  - 7t{ r0)2  lu  = p[/7(r0)2  -?(rm)2j  lu  ^ 


theref  ore : 


y r ^ 

xo  — rQ 


+ j(r0m)2  + P [(r0m  + rm)(rcra  - 1/2  <8> 

for  (r0)  approximately  equal  to  (rm)  ; i.e.,  (xqX’C  (r0)  : 

+ |(r0)2  + P(2r0)(r0  - rm)j  1//2 


Xn  ~ — r. 


“ - ro  -+  r 


0 <i  + 2 p ^£o imU 


1/2 


(9) 


expanding  the  term  in  brackets: 

*o  “ “ ro  + ro  j 1 + 1/2  • 2 P (ro  + ...  \ 

I Tn  J 


(10) 
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theref  ore : 

*o  - + p (ro  “ rm)  UD 

Equation  11  is  interperted  as  follows:  if  the  reaction 

proceeds  to  a point  such  that  the  stress-free  thickness 
of  the  oxide  formed  is  (x)  then  the  metal  must  necessarily 
have  lost  a layer  of  thickness  (r0  - rm)  at  the  metal-oxide 
interface.  This  description  of  oxidation  process  supplies 
the  starting  point  for  an  elastic  analysis  of  the  stresses 
involved  in  the  oxidation  reaction. 

Consider  an  artificial  process  which  breaks  down 
the  motion  of  the  metal-oxide  interface  into  two  components. 
The  first  component  of  the  motion  being  that  due  to  the  con- 
sumption of  the  substrate  nickel  metal  with  the  subsequent 
production  of  nickel  oxide  and  the  second  being  due  to  the 
elastic  stresses  of  the  system.  Then  the  total  motion  of 
the  interface  described  by  the  coordinates  of  the  metal  is 
given  by: 

r0  - r*  = (r0  - rm)  - um  (rm)  (12) 

Where  (um)  is  the  radial  displacement  of  the  metal  due  to 
stresses  in  the  system,  measured  positive  in  the  outward 
direction.  The  quantity  (r0  - rm)  may  be  evaluated  by 
equation  11  : 

ro  " r*  = £o  - um  (rm) 


(13) 
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However,  for  the  oxide  we  have: 

ro  r*  —~uo  (r0)  (14) 

Where  ( u0  (r0)  ) is  the  radial  deformation  of  the  oxide 
layer  at  the  interface. 

Theref  ore: 

uo  (r0)  = um  (rm)  - (15) 

We  will  now  relate  the  deformations  (u)  with  the  stresses 
of  the  system. 

In  order  to  handle  the  mathematics  associated  with 
cylindrical  geometries,  it  is  convenient  to  adopt  the  cyl- 
indrical coordinate  system  with  principle  orthoginal  direc- 
tions denoted  by  ( r , £?  , z).  In  this  system,  the  strain 
relations  are  given  by: 


+ C~Z  \ 
E ' 


(16) 


( 


+ 

E 


(17) 


/ g~r  + 6~e  s 

V E ' 


(18) 


’-Vhere  (€.^)  is  the  strain,  ( ) is  the  applied  stress,  and 

(E)  and  (\)  ) are  the  elastic  modulus  and  Poisson's  ratio 
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of  the  material,  respectively.  Equations  ( 16) , ( 17) , and 
(18)  may  be  solved  for  the  ( 6"i)  in  terms  of  ( 6^  to  yield: 


crT  = 

E ] 

+ \?  ( 6Z  + «•)] 

(19) 

TT+o)  (1-2*0  L 

G©  = 

E 

"( 1+  u ) ( 1-2  0 ) 

(20) 

6"z  = 


(1+7 


f ( 1-2  g 


[d- u )e  z +\>  ( «:«,  +«r)] 


(21) 


Consider  an  element  of  volume  (rde  drdz ) of  either 
material  and  apply  a force  balance.  It  proves  convenient 
to  join  enough  such  elements  to  form  a half-hoop  as  shown: 


Figure  111:  Forces  acting  on  a cylindrical  section. 
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The  downward  forces  are  given  by: 


1) 


1)  f: 

2)  F2 


= 2 tf©  drdz 
,TI 


c”  r I11 

J (T^sin  41  rd  4 dz  = r CTrdz  [_-costyJ 


= 2r  CTrdz 


The  upward  force  is  given  by: 


l)F3  = 2(r+dr)(  ff"r+  — — — dr)dz 

o r 


=r  2r  Crdz  + 2 <Trdrdz  + 2r  efr  g~*r  drdz 
+ 2dr  —L  drdz 

Neglecting  higher  order  term,  (24)may  be  written  as 


F3  ~ 2r  <T  dz  + 2 6"rdrdz  + 2r 


^6" 


Sr 


drdz 


A force  balance  in  the  up-down  direction  requires  that 


F^  + ~ F3  = 0 or 

2 drdz  + 2r  <5~  dz  - 2r  <Trdz  - 2 C"rdrdz  - 2r 


-drdz 


3 r 


theref  ore : 


2 6^  drdz  - 2 Crdrdz  - 2 r drdz  - 0 


theref  ore: 


3r 


<V  <rr  - r = 0 

^ r 


(22) 

(23) 

(24) 

(2b) 

= 0 
(26) 

(27) 


(28) 
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It  should  be  noted  that  (9)  is  independent  of  (z)  and  that 
therefore  it  represents  a differential  equation  of  a "plane- 
strain"  problem. 

We  may  now  relate  equation  (26)  to  the  displacement 
(u)  at  a cylindrical  surface  of  radius  (r).  This  displace- 
meny  may  be  thought  of  arising  from  stresses  acting  on  the 
system.  It  follows  that  a radius  (r+dr),  the  displacement 
(u (r ) ) is  given  by: 

u(r ) z u + f-£ji±)  dr  (29) 

This  is  shown  schematically  below: 


dr 

r 

Figure  112:  Displacements  in  a cylindrical  element. 

The  radial  strain  due  to  the  displacement  (u)  is  then  given 
by  the  expression: 
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(u  + dr)  - u 
dr = du 

(r  + dr) ~r  dr 


The  tangential  strain  is: 


(30) 


sr  4.  2 //(r+u)~  2 _ u (31) 

2r,x  r 

Assuming  that  the  lack  of  curvature  in  the  Z-direction 
implies  that  no  Z-directed  stress  is  necessary  to  produce 
the  above  radial  deformation,  the  longitudinal  strain  may 
be  calculated  on  the  basis  of  a "plane-strain"  model. 

The  equations  of  strain  may  be  expressed  as: 


6 = du 

r dr 


c — dw 

z dl 

where  (w)  is  an  axial  deformation. 


(32) 

(33) 

(34) 


Lett  o(  - ( i Vo )( I~~2  y) — ’ t^lGn  equations  (19,20,21')  become: 


<5~r  = * 

[ ( 1 - 0 ) 6 r + 0 ( £e  + € z )] 

(35) 

= « 

£ (1-  ^ )£&>  + V(^z+^r)] 

(36) 

[(1-0)6Z  +\>(^r  + ^6?  )] 

(37) 
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and : 


d = o( 
Sr 


S s 
fc  r 


s 

ST 


] 


(38) 


theref  ore: 


*%  = « [<!.„)  £u  + l)(_^+ i dM) 

ar  r dr  J 


(39) 


Inserting  equations  (35,  36)  and  (39)  into  equation  (28) 


< [(1-  >>  )(£e-  6r)  +0  u T - )]  - wlfjl-0  ) t 

\)(  - — y + I + 52w  )]  _ o (40) 

tz  r dr  ar  * z J " 

therefore : 


1(1-20  ) H - (i-2  0 )dja-r(l-i>)£ii+i)!A-odu. 

" dr2  r dr 


r\) 


S 

Sr  3 z 


0 


(41) 


therefore : 


(1-1) ) (1-  V> ) da  - r(i-i>)  £4  = r a 2w  (42) 

r dr  dr2  S r 3 z 

theref  ore : 

o ^2 

dzu  + 1_  du  — u = _ 1 q w 

dr2  r dr  r2  (l-^  ) Sr^z 


(43) 
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Since  the  condition  of  plane  strain  has  been  assumed: 

^ 2w  _ 5 / ^ w \ _ . 

^r  ^ z Jr  ' " 0 (44) 

Theref  ore : 

d2u  +1  du  - _u_  - a (45) 

dr2  r dr  p2 

This  is  the  equation  which  governs  the  radial  dependence 
of  an  arbitrary  displacement  (u).  It  applies,  with  the 
proper  boundary  conditions,  to  both  the  solid  metallic 
cylinder  and  the  hollow  ceramic  cylinder.  Equation  (45) 
is  known  as  Euler’s  Equation,  and  is  transformable  into 
a linear  second  order  differential  equation  with  constant 
coefficients  . 

A general  solution  of  equation  45  is: 

u(r)  = Cpr  + . (46) 

Let  the  solution  for  the  deformation  in  the  metal  be  ex- 
pressed as: 


um(r) 


(47) 


The  physical  condition  that  infinite  stresses  cannot  exist 
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immediately  demands  that  - 0;  therefore: 


um(r)  = Cy 


(48) 


Let  the  deformation  in  the  oxide  be  expressed  as: 


i°  ( r ) = C3  r + 


(49) 


The  strains  in  each  component  of  the  system  may  be  ex- 
pressed in  terms  of  their  radial  deformations: 

€ ^'(r ) = Ci:  2 ( r ) = Cj  ; #z"'(r)  = |T-  ZP  “ (50,51,52) 

d ( <rrm*  sy")] 


<Tr0(r)  = C3  - €|(r)  = C3  + £|;  <fz°(r)  = 


i-(  S-z°  - \>(  Tr°  + <^°)) 


(53,54,55) 


By  introducing  physical  conditions,  the  constants 
may  be  evaluated  and  the  stresses  may  be  found  in  terms  of 
parameters  of  the  system. 

Condition  1 - The  circumference  of  the  metal-oxide 
interface  is  the  same  for  both  the  metal  and  the  oxide: 

27/rm  (l  + <£em(rm)  = 2t,t0  (l  + £&°(r0))  (56) 
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theref  ore 

rm(l  + = ro  (1  + c3  + -^2)  (57] 

ro 

Condition  2 - The  length  of  the  metal-oxide  inter- 
face is  the  same  for  both  the  metal  and  the  oxide: 

lu  (1  + ^ zm (rm ) = lu  (1  + ^2°(r0))  (58) 

where  lu  is  a unit  length, 
theref  ore : 

£-z™(rJ  = £z°(t0) 

(59) 

Since  plane  strain  has  been  assumed,  these  values  of  strain 
are  independent  of  (r);  therefore; 

^m=^z°  (6C) 

Condition  3 - The  sum  of  the  radial  deformation 
at  the  metal-oxide  interface  for  the  metal  and  the  oxide, 
are  equal  to  the  amount  of  metal  consumed: 

+ um(rm)  -u°(r0)  = + £ 

- r 

therefore : 

Clrm  “ C3r0  - C4  J_  = | 

ro  v 


(61) 


(62) 
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Condition  4 - The  sum  of  the  radial  forces  at  the 
metal-oxide  interface  are  zero: 

^"r^  ( ) £ 2 77  rmlu  j-  <Tr°(r0)  ^2  ?>  roluj  = 0 

Condition  5 - The  sum  of  the  radial  forces  at  the 
gas-oxide  interface  are  zero: 

G~r°  (ro  + x0)  [interf  acial  area]  = 0 

Therefore: 

crr°(ro  + x0)  ,=  0 (65) 

Condition  6 - The  sum  of  the  z-directed  forces  are 
equal  to  zero;  therefore: 

f rm  C ro+xo 

(5V' (r)  dA^etal  + J ^ (Tz°(r)  dAoxide  = 0 

In  order  to  facilitate  calculations,  all  stresses 
and  strains  are  first  expressed  in  terms  of  the  constants 
V » ^3 , C4,  and  the  axial  strains  2,in  the  cases  where 
this  has  not  already  been  done.  Finally,  it  will  prove 
convenient  to  define  the  following  combined  parameters: 

=(IT-l/n)n-2  TPj  ' *0  = '(it  v'c)(l-20  0)  (67> 
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The  stresses  are  then  written  in  terms  of  the  strains  as 
prescribed  by  equations  (19,20,21,50,51,52)  and  (53,54,55) 
recalling  that  condition  (2)  requires  €.  z°  - <£zm  - z . 

The  physical  conditions  imposed  on  the  system  may 
now  be  expressed  as  follows: 


Condition 

1: 

rm(l+Cl)  = r0 

cA 

(1  + C3  + — 
ro 

(68) 

Condition 

2: 

N 

3 

It 

n\ 

N 

O 

II 

z 

(69) 

Condition 

3: 

^lrm  *23r0 

1*  c:  Xo 

ro  P 

(70) 

Equation  (70)  may  be  rearranged  by  employing  the  relation 
of  equation  (11 ) : 

xo  “ p (ro  “ rm ) 


This  operation  results  in  a restatement  of 
equation  (68);  therefore  equation  (68)  may  be  considered 
redundant . 


Condition  4: 


Condition  5 


[cj  + Omezj  rm  = [c3-(1-2I>0) 

c 4 

‘ 2 + ^ o € z ro  ( 71 ) 

ro  -* 

C3  - (1-2  ,/„)  j— + V)04  2 = 0 (72) 

Vr0+x0)^ 


Condition  6: 


*m  I (l“»J,n)6  z + 2VmC1  (mf)  +<0  [ (l"  ^oKZ+2  ^0C3 


-(2r0x0+x02)  - 0 


(73) 
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It  is  convenient  to  define  a new  set  of  parameters 
which  will  help  simplify  equations  (70)  through  (73). 

Let  them  be  defined  as  follows: 


K - 


_ Jm 


; therefore,  from  equation  (11):  K = (1-— 2-)  (74) 

4-  0 pj*  ' 7 


L = (1  + ^-)2;  therefore  Lr02  = (r0  + x0)2 


(75) 


M - 


(2  — + (^£)2  ) ; therefore  M = L ~1 , and 


Mr°2  - (2x0r0+x02) 


(76) 


Substitution  of  these  parameters  into  equations  (70) 
through  (73)  permits  the  axial  strain,  ( <~z),  to  be  expressed 

in  terms  of  the  scale  thickness-specimen  radius  ratio, 
x0 

— — . Upon  carrying  through  the  algebra,  it  is  found  that: 

± c 

(1— K)  fs  " 2 ^ \J 


— ^ m 


z - 


[u  "°<m  |(K0„r  V>o)] 

Where  the  symbols  S,  T,  and  U represent  quantities  which 
include  the  material  parameters  and,  implicitly,  the  ratio 


(77) 


co.  Thus: 


S = o( 


m 


1+ 


(1-2  \J0) 


+ ^ (1-2  \J  ) - 

^ o'  o'  l 


T 


= 2 < m V1  mK  (1  + 2 ^ M t1  2V).o) 

L L 


(78) 


(79) 


Ur  KmK2(l-^)  + K0M(1-  V0)-2^m  \)m\)0K-2o<0  v)02M  <8°) 
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The  stresses  and  strains  in  both  the  metal  and 
oxide  may  be  calculated  by  choosing  fixed  values  of  the 
ratio  (ifi)  and  subsequently  determining  the  magnitude  of 

"*•  Q £ 

(cl).  (C3),  ( — -)  and  (£TZ)  via  equations  (70)  through 
(77).  ^ 


If  the  elastic  moduli  (E0)  and  (Em)  are  assigned 
values  of  20  x 106  and  10  x 106  psi,  respectively,  and 
Poisson's  ratio  for  the  oxide  and  metal  are  assigned 
values  of  0.2  and  0.3,  respectively,  it  is  found  that  the 
ultimate  strength  of  the  oxide  is  reached  for  values  of 

x 

(-—)  of  the  order  of  10”^.  For  the  range  of  specimen 
ro 

sizes  employed  herein,  this  value  indicates  relatively 
early  failure  of  the  oxide.  Limitations  of  the  applic- 
ability of  this  model  are  discussed  elsewhere  in  the 
text . 
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ESTIMATION  OF  THE  MAGNITUDE  OF  THE  GRAIN  BOUNDARY  PRESSURE 

The  magnitude  of  the  grain  boundary  pressure  may 
be  estimated  from  the  data  concerning  elongation  of  flat 
specimens  and  that  of  the  creep  rate  of  Nickel-270  at 
1000°C,  It  will  be  assumed  that  the  grain  boundary 

O 

pressure,  (6~g),  is  constant  throughout  the  oxidation 
process  in  analogy  with  the  limiting  values  of  pressure 
found  in  earlier  experiments  concerning  crystallization 
pressure (84)  . Since  the  grain  structure  of  the  oxide 
formed  on  flat  specimens  was  found  to  be  columnar,  as 
illustrated  for  example  by  the  photomicrographs  of  Figure 
61b,  the  stress  arising  from  the  grain  boundary  pressure 
may  be  considered  to  act  only  in  planes  parallel  to  the 
specimen  surface. 

If  the  scaling  rate  is  parabolic,  as  indicated  by 
Figure  26  for  the  case  of  flat  specimens,  then  the  force 
developed  on  a unit  cross  section  of  the  scale  will  also 
increase  parabolically  and  may  be  expressed  as: 

F°  = <5~g°x  = S-gO^t1^  (81) 

where  (x)  is  the  scale  thickness,  (Kx)  is  the  parabolic 
rate  constant  based  on  scale  thickness,  and  (t)  is  the 
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oxidation  time.  This  force,  which  arises  in  the  scale  on 
both  of  the  parallel  faces  of  the  specimen,  must  be 
balanced  by  one  acting  along  the  same  direction  on  a 
unit  cross  section  of  the  metal,  therefore: 

Fm  = 2 F°  = 2 <5" g°  Kyt1/2  (82) 

Thus,  the  stress  in  the  metal,  due  to  the  presence  of 
grain  boundary  pressure,  is  given  by: 

m _ 2j^g_Katj-/,2  (83) 

u a 

where  (a)  is  defined  as  the  sheet  thickness. 

The  elongation  of  the  specimen  may  now  be  cal- 
culated as  a function  of  time  by  makring  use  of  the  fact 
that  the  stress  and  deformation  rate  are  related  as  shown 
in- Figure  104.  If  it  is  assumed  that  no  deformation  occurs 
by  creep  of  the  metal  when  the  applied  stress  is  zero,  then 
the  creep  data  for  the  metal  may  be  fit  to  the  following 
emperical  formula: 

€2  = 5.82  x 10”4(ei -22xi0  3 °’r^-l)  in/in/hr  (84) 

O 

where  (62)  the  second  stage  creep  rate.  For  small 
values  of  ( <rm) . equation  (84)  be  simplified  by 
neglecting  higher  order  terms  of  the  expanded  exponential. 
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Upon  substitution  of  equation  (83)  for  (<Tm),  equation  (84) 
becomes : 


^2  = 1.42  x 10-6  JT?.  K-*tl/2  in/in/hr  (85) 

The  value  of  the  parabolic  rate  constant  (Kx), 
is  approximately  4.0  microns/hrl/2 , as  may  be  evaluated 
from  the  curve  of  Figure  32  which  indicates  that  a scale 
thickness  of  approximately  16  microns  is  developed  during 
16  hours  of  oxidation.  Substitution  of  this  value  of  (Kx) 
into  equation  (85)  and  subsequent  integration  over  the 
period  of  oxidation  (16  hours)  gives: 

£ = 2.42  x 10"8  J£a  in/in  (86) 

a 

Where  ( € ) is  the  total  strain  and  the  units  of  (<5“g)  and 
(a)  are  pounds  per  square  inch  and  centimeters,  respectively. 

The  value  of  (6~g)  may  be  determined  by  solving 
equation  (86)  for  it  and  using  the  observed  values  of  (£  ) 
given  in  Table  6.  Doing  this  gives  values  of  ( og)  ranging 
from  approximately  900  to  4000  psi.  It  is  felt  however, 
that  the  best  estimate  of  the  grain  boundary  pressure  may  be 
made  using  the  measured  values  of  extension  found  for  the 
two  specimens  of  intermediate  thickness.  This  procedure 
avoids  sources  of  error  discussed  elsewhere  in  the  text. 
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The  mean  value  of  grain  boundary  pressure  thus  found  is 
approximately  1500  psi.  The  graph  of  Figure  113  indicates 
that  this  estimate  is  probably  correct  within  a factor  of  two. 
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Reciprocal  Sheet  Thicknes,  cm  1 

Figure  113:  Comparison  of  observed  and  calculated  values  of  the  extension  of 

flat  specimens  oxidized  for  16  hours  at  1000°C  in  dried  oxygen. 
Calculated  curve  based  upon  a grain  boundary  pressure  of  1500  psi. 
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